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ABSTRACT: The northward-range expansion of sub-Arctic species is altering species interactions, 
affecting the dynamics of nutrients and contaminants, in Arctic food webs. Arctic marine piscivores are 
switching from a diet historically dominated by Arctic cod to one comprised of sub-Arctic capelin and 
sand lance. Another change is the occurrence of killer whales in the Arctic and the presumed switch from 
a fish-based diet in temperate waters to one richer in marine mammals in the Arctic. My goal was to 
evaluate some of the consequences of these climate-driven ecological changes, by comparing contaminant 
and nutrient concentrations in shifting Arctic marine communities. 
Potentially due to migratory patterns, capelin had higher tissue concentrations and higher 
proportions of less volatile persistent organic pollutants (POPs), compared to Arctic cod. Yet, the 
magnitude of these differences was small. Furthermore, mercury concentrations were higher in Arctic cod 
relative to capelin. Concentrations of essential fatty acids were similar among these species, while 
selenium was higher in sand lance compared to Arctic cod. Thus, the replacement of Arctic cod with 
capelin and sand lance may not substantially decrease the food quality of prey available for predators. 
However, fatty acid markers suggested that capelin and sand lance were less dependent on sea ice-
primary production, and their fatty acid and stable isotope feeding niches were wider compared to that of 
Arctic cod, suggesting an ecological advantage for these sub-Arctic fish over Arctic cod under climate 
change. Killer whales had blubber POP concentrations exceeding previously calculated effects thresholds 
for cetaceans, likely related to feeding on high trophic level prey in Arctic waters. A negative association 
of POPs with blubber concentrations of the biomarker vitamin E, but not vitamin A, in killer whales with  
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fatty acid markers consistent with marine mammal consumption, suggested that feeding on this prey may 
put killer whales at higher risk of POP adverse effects on vitamin E homoeostasis. 
My research showed that changes in prey related to northward range-shifts can have 
consequences for predators, especially those at high trophic levels, highlighting the importance of 
considering top consumers and their interactions when studying climate change impacts on Arctic 
ecosystems.
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Introduction 
 
Across the globe, climate change is forcing species to shift their habitat ranges to stay within their 
tolerable environmental conditions (Pecl et al., 2017). In the marine environment, species are moving to 
cooler waters, either northward or to greater depths (Fossheim et al., 2015; Pecl et al., 2017). However, 
species redistributions are not occurring at the same rate everywhere and some regions, such as the Arctic, 
are more sensitive to these changes. With temperature increases doubling the global average, the 
northward redistribution of boreal marine species in the Arctic is occurring at equivalently faster rates 
(Falardeau et al., 2017; Fossheim et al., 2015; Higdon and Ferguson, 2009; Kovacs et al., 2011).  
Changes in diversity and abundance of prey and predator species within Arctic food webs are 
occurring with consequent changes in ecological interactions (Fossheim et al., 2015; Pecl et al., 2017). 
Arctic marine food webs are relatively simple, relying on sea-ice algae and phytoplankton as sources of 
primary production (Borgå et al., 2004). Arctic cod, the keystone prey species in Arctic waters, feeds on 
lipid-rich copepods and amphipods, providing an important energy link between lower trophic levels and 
Arctic predators such as predatory fish, ringed seals (Pusa hispida), beluga whales (Delphinapterus 
leucas), and seabirds (Harter et al., 2013). However, sub-Arctic capelin (Mallotus villosus) and sand lance 
(Ammodytes spp.) are increasingly more important as prey fish in Arctic waters (Gaston and Elliott, 2014; 
Kelley et al., 2010; Yurkowski et al., 2016b). The abundance of these sub-Arctic prey fish in the Arctic 
has increased over the last 30 years (Gaston and Elliott, 2014; Kelley et al., 2010; Yurkowski et al., 
2016b). Capelin’s highly migratory behavior and fluctuations in the abundance of capelin and sand lance 
have been previously associated with ocean temperature (Robards et al., 2002; Rose, 2005; Sydeman et 
al., 2017). In the eastern Canadian Arctic and Beaufort Sea, the diets of predatory fish, seabirds and 
marine mammals are now changing to include greater proportions of these sub-Arctic fishes relative to 
Arctic cod (Falardeau et al., 2017; Gaston et al., 2003; Harwood et al., 2015; Marcoux et al., 2012; 
Provencher et al., 2012; Yurkowski et al., 2016b). Changes in prey-predator relationships are also 
occurring at higher trophic levels of the food web. Although polar bears are the main top predator in the 
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Arctic, killer whales (Orcinus orca), traditionally seen as a seasonal resident, are increasingly present in 
Arctic waters (Higdon and Ferguson, 2009). Killer whale abundance has increased in Arctic and sub-
Arctic waters including the Canadian Arctic, Chukchi Sea and Greenland, likely associated with declining 
summer sea ice (Higdon et al., 2014; Higdon and Ferguson, 2009; Stafford, 2018; Rosing-Asvid, personal 
observation). Without sea ice as a barrier, killer whales have greater opportunities for predation on marine 
mammals. Hence, it is possible that killer whales are following marine mammals into Arctic ecosystems, 
which seem to be their selected prey in this region (Higdon et al., 2012). After the open water season, 
killer whales likely migrate to sub-Arctic and North Atlantic regions, where they might be feeding on fish 
and other prey (Lawson and Stevens, 2013; Matthews et al., 2011; Matthews and Ferguson, 2014). The 
effects of these shifts in prey preference on the food quality for predators and potential health effects are, 
however, not understood. 
Levels of environmental contaminants are an important aspect to consider when evaluating food 
quality in the diet of fish and marine mammals (Atwell et al., 1998; Corsolini and Sara, 2017; Tocher, 
2017). Persistent organic pollutants (POPs) and mercury are environmental contaminants of concern in 
Arctic food webs, especially due to their biomagnification potential. The POPs comprise a range of 
anthropogenic contaminants, including organochlorine (OCs) pesticides, e.g. 
dichlorodiphenyltrichloroethane (DDT) and chlordane, and industrial compounds e.g. polychlorinated 
biphenyls (PCBs) and some brominated flame retardants, as well as by-products. These contaminants 
have in common their environmental persistence, long-range transport, bioaccumulative capacity, and 
toxicity (Mackay et al., 2006; Wania and Mackay, 1996). Due to these characteristics, POPs are subject to 
transport and deposition in Arctic regions and to accumulation in Arctic marine food webs, exposing 
higher trophic levels to possible risks of adverse health effects (Brown et al., 2018; Dietz et al., 2013). 
Regulations under the United Nations Environment Program’s Stockholm Convention have led to 
environmental declines of certain POPs, such as DDT and PCBs, which are some of the first POPs that 
were banned internationally (Stockholm Convention, 2008). However, due to their persistence, POPs 
levels in some seabird and marine mammal populations remain above thresholds for toxic effects that 
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have been determined in laboratory animals (Desforges et al., 2016; Villanger et al., 2011). Unlike POPs, 
mercury is a naturally-occurring metal that can be found in geological deposits. However, mercury 
releases to the environment also occur due to anthropogenic activities, particularly emissions from coal-
fired power plants and artisanal gold mining (Pacyna et al., 2010). The transport of mercury to the Arctic 
occurs through riverine, oceanic and atmospheric currents, where it deposits in the marine environment 
(Braune et al., 2015a; Macdonald et al., 2000; Zhang et al., 2015). The organic form of mercury, MeHg, 
can biomagnify through marine food webs and reach levels that may be associated with adverse 
neurological effects in top predators (Braune et al., 2015a). Mercury levels in Arctic marine predators, 
such as belugas, ringed seals and polar bears, have increased ten-fold over the past century (Dietz et al., 
2006; Outridge et al., 2009), and in some populations, are above multiple thresholds for neurological 
effects (Dietz et al., 2013).  
Major nutrients in marine species are also important for food quality and include omega-3 
polyunsaturated fatty acids (PUFA), especially essential docosahexaenoic acid (DHA; 22:6n3) and 
eicosapentaenoic acid (EPA; 20:5n3) (Tocher, 2015), and also selenium (Tapiero et al., 2003). Essential 
fatty acids comprise a substantial part of body lipids and have a main role as energy sources for marine 
species’ movements and reproduction (Tocher, 2017, 2015). Arctic species tend to have larger lipid 
reserves compared to species at lower latitudes to ensure physiological function during periods of limited 
food availability (Kattner et al., 2007; Sobek et al., 2010; Søreide et al., 2010). Selenium is also an 
essential nutrient with an important role in antioxidant processes (Tapiero et al., 2003). Another important 
role of selenium is the interaction of this nutrient with mercury; selenium has been reported to inhibit 
mercury toxicity in biota. Although the exact mechanisms behind this mercury-selenium relationship are 
not fully understood, the high affinity of mercury for selenium and consequent binding to selenoproteins 
in the body is well established (Ralston and Raymond, 2010). Measuring levels of selenium and Se:Hg 
ratios may therefore be important when evaluating the risk for mercury toxicity.  
Some nutrients, such as vitamins A and E, can be used as biomarkers of toxic effects, i.e. changes 
in the homeostasis of these vitamins can indicate effects of exposure to a chemical (McCarthy and 
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Shugart, 1990). Vitamins A and E are lipophilic, diet-derived essential nutrients that are required for 
proper physiological function in animals. Vitamin A comprises a group of retinoids necessary for growth, 
development, vision, and resistance to infection (Gerster, 1997). Vitamin E includes a group of 
tocopherols most essential as antioxidants, but also important for development and immunity (Galli et al., 
2017). Contaminants such as POPs can disrupt the homeostasis of vitamins A and E, for example through 
binding to protein complexes that transport these vitamins to the target organs (Brouwer et al., 1989; 
Desforges et al., 2013; Molde et al., 2013). Thus, decreased levels of vitamins A and E with higher levels 
of POPs may contribute to a weight of evidence of toxic effects of these contaminants in free-ranging 
marine species populations (Desforges et al., 2013; Sonne et al., 2010).  
To understand food web structure and transfer of contaminants and nutrients, food web tracers 
including stable isotopes of carbon and nitrogen, and fatty acid markers, are commonly used (Valiela, 
2015). Ratios of carbon stable isotopes (δ13C) measured in marine organisms’ tissues can be used to 
evaluate the extent of feeding within offshore/pelagic environments versus inshore/benthic environments, 
due to the relative enrichment of the heavy isotope of carbon within inshore/benthic systems (Cherel and 
Hobson, 2007; Giraldo et al., 2016). Nitrogen stable isotope ratios (δ15N) show enrichment of the heavy 
isotope from prey to predator, and thus can be used to calculate the trophic position of an organism within 
a food web (Hobson et al., 2002; Hussey et al., 2014). Thus, carbon and nitrogen stable isotope data can 
be employed to better understand dietary accumulation and food web biomagnification of contaminants 
like POPs and mercury. For example, upper trophic level organisms commonly show higher levels of 
some POPs and mercury due to biomagnification. Further, more benthic organisms tend to show higher 
levels due to higher bioavailability of these contaminants in nearshore/benthic habitats (Atwell et al., 
1998; Barkay and Poulain, 2007; Corsolini and Sara, 2017; Jæger et al., 2009). Additionally, 
quantification of isotope niches can be useful to determine resource use of different species (Brewster et 
al., 2016). In this case, fatty acid markers can complement the use of stable isotopes. The great diversity 
of fatty acids in organisms and the unique origin of some fatty acids among microalgae and invertebrates 
allows to distinguish dietary sources more specifically (Budge et al., 2006). For example, primary 
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producers such as diatoms or dinoflagellates, can be characterized by certain fatty acids they 
biosynthesize. These fatty acids are transferred along the food web almost unmodified or with predictable 
modification, and therefore the fatty acid composition of consumers can be indicative of their direct or 
indirect source of organic matter. Thus, comparisons of fatty acid and isotope composition among 
consumers can be used to find overlaps in their foraging niches (Brewster et al., 2016; Budge et al., 2006; 
Tocher, 2017). 
The overarching objective of my dissertation research was to evaluate some of the consequences 
of changing species relationships in Arctic ecosystems due to the northward redistribution of sub-Arctic 
prey (capelin and sand lance) and predator (killer whale) species. These included effects on trophic 
dynamics of environmental contaminants and essential nutrients, as well as potential for resource 
competition within Arctic marine ecosystems (Figure 0.1). The first three chapters focused on the 
northward range expansion of capelin and sand lance in the Canadian Arctic, while chapters four and five 
focused on killer whales in Greenland. In Chapter 1, I hypothesized that sub-Arctic capelin and sand lance 
show higher levels of total mercury and POPs, including PCBs, OCs, and flame retardants, compared to 
Arctic cod and other important prey species native to the Arctic. To address this hypothesis, I compared 
levels of total mercury and POPs in capelin and sand lance to Arctic cod and other native fish and 
invertebrate prey species. I used nitrogen and carbon stable isotopes, as well as biological factors and 
latitudinal location to understand variation in contaminant levels among species. In Chapter 2, I 
hypothesized that capelin and sand lance have lower levels of essential DHA+EPA, omega-3 and PUFA 
compared to Arctic native prey species, as well as different selenium levels and Se:MeHg ratios compared 
to Arctic native prey species. To address this, I measured levels of essential fatty acids and selenium in 
capelin and sand lance compared to Arctic native prey species. Similar to the previous chapter, I used 
stable isotopes, biological factors and latitudinal location to understand differences in nutrient content 
among species. In Chapter 3, I hypothesized that capelin and sand lance have similar feeding niches to 
Arctic cod and other Arctic native prey species. I evaluated potential resource competition between sub-
Arctic prey species and Arctic native species by comparing foraging niches based on stable isotopes and 
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fatty acid markers. In Chapter 4, I hypothesized that killer whales in the Arctic have higher levels of 
PCBs and OCs relative to conspecifics at lower latitudes. To address this hypothesis, I measured levels of 
POPs in sub-Arctic killer whales feeding more often within Arctic food webs, and compared these to 
previously recorded levels in killer whale populations feeding at lower latitudes. In Chapter 5, I 
hypothesized that levels of vitamins A and E decrease with increasing PCB and OC levels in killer whale 
blubber. I evaluated this hypothesized negative physiological effect of POPs in Arctic-feeding killer 
whales by measuring the relationships between levels of POPs and vitamins A and E. 
 
 
Figure 0.1 Simplified Arctic food web focusing on the main species under study. Northward 
redistribution of marine fish and mammals can lead to new trophic interactions, indicated with red arrows, 
which can affect the dynamics of biomagnifying contaminants and nutrients transferred along the food 
web.  
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Each chapter was prepared as a stand-alone manuscript to be submitted for peer-reviewed publication. 
Although this dissertation represents the combination of my graduate research, I received guidance and 
contributions from members of my advising committee, as well as other researchers involved study 
design, sampling and laboratory analyses, who will be co-authors on multiple publications. As such, I 
used plural pronouns throughout my dissertation to represent these contributions and in anticipation of 
future publications. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
8 
 
  
Mercury and persistent organic pollutants in native and invading forage species of the Canadian Arctic: 
Consequences for food web dynamics 1 
 
Abstract 
Contaminant dynamics within Arctic marine food webs may be altered through the climate-driven 
northward invasions of temperate/boreal species. Here, we compare tissue concentrations of total mercury 
(THg) and legacy and emerging persistent organic pollutants (POPs) in native versus invading forage 
species sampled from 2012-2014 near Arviat, Clyde River, and Resolute Bay, NU, representing, low, 
mid- and high eastern Canadian Arctic regions, respectively. Concentrations of THg, legacy Σ-
polychlorinated biphenyls (ΣPCB) and Σ-organochlorine (ΣOC) pesticides were detected in all forage 
species, whereas emerging halogenated flame retardants were detected in only a few individuals. 
Concentrations of major contaminant groups among regions did not vary for Arctic cod (Boreogadus 
saida), while for sculpin (Cottoidea) there was no clear latitudinal trend. Thus, considering interspecific 
variation, native sculpin and northern shrimp (Pandalus borealis) had the highest overall concentrations 
of THg (0.17±0.02 and 0.21±0.01 µg g-1 wet weight, respectively), ΣPCB (322±35 and 245±25 ng g-1 
lipid weight (lw), respectively), and ΣOC (413±38 and 734±64 ng g-1 lw, respectively). Comparing the 
keystone native species, Arctic cod to its ‘replacement’ species, capelin (Mallotus villosus) and sand lance 
(Ammodytes spp.), THg concentrations were higher in Arctic cod compared to capelin (p<0.001), which 
was partly explained by differences in fish length. Conversely, capelin and sand lance had higher 
concentrations of most POPs than Arctic cod (p<0.02). Neither feeding habitat (based on δ13C), trophic 
position (based on δ15N), nor fish length significantly explained these differences in POPs between Arctic 
                                                     
1 This chapter has been published in Environmental Pollution and can be accessed at 
http://dx.doi.org/10.1016/j.envpol.2017.05.085. Pedro, S., Fisk, A.T., Tomy, G.T., Ferguson, S.H., Hussey, N.E., 
Kessel, S.T., McKinney, M.A., 2017. Mercury and persistent organic pollutants in native and invading forage 
species of the Canadian Arctic: Consequences for food web dynamics. Environmental. Pollution. 229, 229–240.  
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cod, capelin and sand lance. Higher POPs concentrations, as well as variation in congener/compound 
patterns, in capelin and sand lance relative to Arctic cod seem, therefore, more likely related to a more 
“temperate”-type contaminant signature in the invaders. Nevertheless, the relatively small (up to two-
fold) magnitude of these differences suggested limited effects of these ecological changes on contaminant 
uptake by Arctic piscivores.   
 
Introduction 
Surface air temperatures in the Arctic have increased at two times the global average in the past 
two decades (Screen and Simmonds, 2010). Ensuing warmer seas and sea ice loss have led to changes in 
the species composition of Arctic marine food webs over the same time period (Post et al., 2013). Such 
alterations to the Arctic food web have the potential to influence the exposures of sensitive native species 
to bioaccumulative environmental contaminants, such as persistent organic pollutants (POPs) and 
methylmercury (MeHg) (Macdonald et al., 2005), which are already a concern for wildlife and human 
health (Binnington et al., 2016; Dietz et al., 2013; Letcher et al., 2010). These contaminants originate 
mainly from anthropogenic activities in temperate regions and are transported to the Arctic through 
atmospheric, oceanic and fluvial pathways (Macdonald et al., 2000). Transient and non-native species 
also act as biological vectors of contaminants into Arctic marine food webs (Blais et al., 2005; Krümmel 
et al., 2003; McKinney et al., 2012). Several recent studies have reported altered temporal trends in tissue 
contaminant levels of top predators linked to shifts in prey species distribution. These shifts included 
invasions of temperate/boreal species associated with climate change (Braune et al., 2015b; Braune et al., 
2014b; McKinney et al., 2009, 2015).  
Arctic cod (Boreogadus saida) is a primary food source for whales, seals, and piscivorous fish in 
the Arctic (Craig et al., 1982). The large amount of Arctic cod biomass consumed by Arctic predators 
makes it a critical element of energy transfer between lower and upper trophic levels (Crawford and 
Jorgenson, 1996; Welch et al., 1993). Yet, Arctic cod appears to have declined in abundance in recent 
decades in the eastern Canadian Arctic, while sub-Arctic sand lance (Ammodytes spp.) and capelin 
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(Mallotus villosus), suggested to be replacing Arctic cod in some regions, have become more common 
(Gaston et al., 2003, 2005; Hop and Gjøsæter, 2013; Provencher et al., 2012). These changes have 
occurred to the greatest extent in the low Arctic region, where capelin now dominates, and have become 
more regularly observed in the mid-Arctic (low, mid- and high Arctic regions defined  by Salomonsen 
(1965) and Provencher et al., (2012) based on a gradient of water composition of a mixture of boreal and 
polar water to unmixed polar water; Provencher et al., 2012). Shifts in capelin distribution have frequently 
occurred in the past and have been strongly linked to climatic changes (e.g., temperature variation; Rose, 
2005). In the Beaufort Sea, a decrease in Arctic cod abundance since the 1970s led to changes in Arctic 
char (Salvelinus alpinus) diets from mainly Arctic cod to capelin and sand lance in 2013-2014 (Harwood 
et al., 2015). In Hudson Bay, ringed seals (Pusa hispida) have been found to consume about ten times 
more sand lance than Arctic cod (Chambellant et al., 2013). In contrast to the declines in Arctic cod, the 
abundance of other Arctic native fish, such as sculpin (Cottoidea), does not appear to have changed over 
the same time period (Provencher et al., 2012). 
Sand lance and capelin may exhibit differences in contaminant levels compared to Arctic cod due 
to variation in trophic position, size, lipid content, feeding habits and habitats, or migration patterns 
(McKinney et al., 2012). For instance, a dietary shift from Arctic cod to lower trophic position capelin 
may have affected total mercury (THg) trends in thick-billed murres (Uria lomvia) from Hudson Bay 
from 1993-2013. Concentrations of THg would have been increasing in the murres, but because of a 
concomitant decline in their trophic position due to feeding on capelin, THg concentrations actually did 
not significantly change over the time period (Braune et al., 2014b). Conversely, higher concentrations of 
some legacy POPs and current-use pesticides (e.g. chlorothalonil, Σendosulfan, highly-chlorinated PCBs, 
p,p’-DDE, trans-nonachlor), have been reported in capelin from Cumberland Sound compared to some 
Arctic native species, possibly related to capelin migration to more temperate regions, where this species 
may pick up a more “temperate”-type contaminant signature (i.e., higher concentrations and/or 
proportions of less volatile contaminants which tend to accumulate closer to source regions; McKinney et 
al., 2012; Morris et al., 2016). It is thus important to better characterize contaminant levels in these 
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changing forage communities among regions, to understand how the increasing presence of sub-Arctic 
forage fish may impact contaminant exposures in upper trophic levels, including people living in the 
North.   
The main objective of this study was to compare contaminant concentrations in invading 
temperate/boreal species versus native prey fish and invertebrate species in eastern Canadian Arctic 
regions. We measured and compared the current (2012-2014) concentrations and relative proportions of 
THg, legacy PCBs and organochlorine (OC) pesticides, polybrominated diphenyl ethers (PBDEs) and 
newer halogenated flame retardants, in four native and two invading prey species/groups for which 
limited contaminant data have previously been published. We focused in particular on Arctic cod versus 
their ‘replacements’ capelin and sand lance. We further sought to determine the extent to which location 
(when possible), biological factors (fish length) and ecological factors (trophic position and feeding 
habitat) accounted for variation in contaminant concentrations among prey species.  
 
Methods 
Sampling 
Fish and invertebrates that are important as food sources for Arctic top predators were targeted 
for collection. Five to 20 individuals of Arctic cod, capelin, sand lance, sculpin spp. and northern shrimp 
(Pandalus borealis), as well as 1-2 pools of amphipod spp., were collected near Arviat (low Arctic, 61o N, 
94o W), Clyde River (mid-Arctic, 70o N, 69o W), and/or Resolute Bay (high Arctic, 75o N, 95o W), 
Nunavut, Canada (Figure 1.1, Table A1.1) from 2012 to 2014. The fish and invertebrate species were 
collected by community members in Arviat and Resolute Bay using traditional methods, while Arctic cod 
in Resolute Bay was fished using rod and reel. In Clyde River, trawl fishing was used for all fish and 
invertebrate species. It is important to note that not all species were collected in all locations, despite 
repeated collection attempts. A small number of other miscellaneous fish were collected (cisco 
(Coregonus artedi), Greenland cod (Gadus ogac), goiter blacksmelt (Bathylagus euryops)) and analyzed, 
but are not thought to be major Arctic prey fish, so these results are provided only in the Supporting 
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Information (Table A1.2). Collected samples were wrapped in solvent-rinsed foil and stored at -20°C 
until shipped to the laboratory, where they were kept at -80°C. Species were identified visually and/or by 
DNA barcoding at the Canadian Center for DNA Barcoding, Canada. Standard lengths (total length 
excluding the caudal fin) of all individual fish were recorded.  
 
POPs analysis 
Prior to analysis, muscle tissues of individual fish and northern shrimp, and whole amphipod 
pools, were homogenized. For certain fish species, smaller individuals were pooled by combining 
equivalent mass aliquots of each homogenate (Table A3). Samples were analyzed for Σ40polychlorinated 
biphenyl (ΣPCB), OC pesticides Σdichlorodiphenyltrichloroethanes (ΣDDT), mirex, dieldrin, Σchlordanes 
(ΣCHL), Σchlorobenzenes (ΣClBz) and Σhexachlorocyclohexanes (ΣHCH), and octachlorostyrene (OCS). 
Flame retardants (FRs) included Σdechlorane (ΣDP), hexabromobenzene (HBBz), 
pentabromoethylbenzene (PBEB) and Σ19polybrominated diphenyl ether (ΣPBDE). A full list of 
individual compounds of each contaminant group is detailed in Table A4. 
 Chemical extraction and clean-up were performed as previously described by Fisk et al. (2001) at 
the Great Lakes Institute for Environmental Research (GLIER; University of Windsor, Canada). Briefly, 
an aliquot of 2.5 g of pooled or individual wet tissues was homogenized with anhydrous sodium sulfate, 
spiked with the internal standards CB34 and BDE71 and eluted with 1:1 dichloromethane:hexane. Lipid 
content was determined gravimetrically. Samples were subject to gel permeation chromatography to 
remove lipids, followed by fractionation on a Florisil column. Fraction 1 contained ortho-PCBs and some 
OCs, fraction 2 contained the FRs and remaining OCs and PCBs, and fraction 3 contained heptachlor 
epoxide and dieldrin. PCBs and OCs were separated and quantified by gas chromatography with micro-
electron capture detection on an Agilent 7890A GC with Agilent 7683 63Ni-µECD (60 m DB-5 column of 
0.25 mm I.D. and 1.0 µm film thickness (J&W Scientific, USA)). FRs were analyzed at the Tomy Lab 
(University of Manitoba, Canada) by high resolution gas chromatography electron capture negative ion 
mass spectrometry on an Agilent 5973 GC-MSD fitted with a 10 m × 0.25 mm i.d. DB-5 capillary column 
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(0.25 µm film thickness, J&W Scientific, CA), as previously described (Tomy et al., 2008). Reagent 
blanks, recovery standards and calibration standards were run at start and every six samples. An in-house 
carp reference material was extracted with each batch.  
The GLIER and the Tomy labs routinely participate in the annual Northern Contaminants 
Program Inter-Laboratory Quality Assurance Program. Overall, the performance of both labs was 
classified as excellent, that is, the average results for PCBs, OCs, and PBDEs were within ±20% of the 
median values (see SI Methods).            
The internal standards used for PCB, OC and FR analyses had recoveries of 97 ± 10% (CB34) 
and 99 ± 10% (BDE71). For PCB and OC, all blanks were below the detection limit and the method limit 
of quantification (MLOQ) was set to 10x the method detection limit (MDL), ranging from 0.004 to 0.05 
ng g-1 (Table A5). For FRs, BDE28, 47, and 77 were the only congeners routinely detected in all method 
blanks (n = 5). The absolute amounts of these congeners in the samples were typically 1.2 to 2 times 
greater than in the method blanks. The MLOQ was set to the blank average plus 3x the standard 
deviation, ranging from 0.006 to 0.04 ng g-1. All values were recovery corrected and blank subtracted for 
FRs. The values were within 9±7% for ΣPCB, 15±9% for ΣOC, and 38 ±17% for ΣPBDE, of the repeated 
values measured for the in-house carp reference material. No reference was available for other FRs. 
 
Mercury analysis 
THg analyses were performed at the Center for Environmental Science and Engineering 
(University of Connecticut, USA). Aliquots of 0.07-0.10 g of each homogenized wet tissues were 
digested in a hot block with potassium persulfate, sulfuric and nitric acids. Concentrations of THg were 
determined by flow-injection cold vapor atomic absorption spectrometry using a Perkin Elmer FIMS 
(adapted from EPA 1630 (Environmental Protection Agency, 1998a)). DORM-3 (NRCC, fish protein, 
reference value of 0.38 µg g-1), DOLT-4 (NRCC, dog-fish liver, reference value of 2.58 µg g-1) and NIST 
1946 (reference value of 0.43 µg g-1) were used as standard reference materials and laboratory control 
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samples, duplicates and acid blanks were run every 20 samples. Moisture content was determined 
gravimetrically.  
All blanks were below the detection limit of 0.0005 µg g-1 (details in SI Methods). The reference 
material concentrations were within 93±9% (DORM-3), 95±6% (DOLT-4) and 90±2% (NIST 1946) of 
the consensus values. The relative standard deviation of duplicate samples was between 2-12% and the 
recoveries of matrix spikes ranged from 75-103%. 
 
Stable isotopes analysis  
Stable nitrogen and carbon isotope ratios in muscle tissues (fish) and soft tissues (invertebrates) 
were determined at the Chemical Tracers Laboratory at the University of Windsor, as previously 
described (McMeans et al., 2009). All homogenized samples were freeze dried and ground, lipids were 
extracted with a 2:1 chloroform:methanol solution and lipid content was determined gravimetrically. A 
400-600 µg portion of each lipid-extracted tissues was weighed, combusted in an elemental combustion 
system and analyzed by a coupled Delta V Advantage isotope ratio mass spectrometer (Thermo 
Scientific, USA). Stable isotopes were expressed as ratios of the sample relative to the standard (Kelly, 
2000): 
 
δ = ((Rsample/Rstandard) – 1) × 1000‰ 
 
Precision of stable isotopes analysis was determined based on replicate analyses of four standards 
(NIST1577c, internal laboratory standard (tilapia muscle), USGS 40 and urea (n = 15 for all except n = 7 
for USGS 40). Standard deviations of these replicates measured ≤ 0.19‰ for δ15N and ≤ 0.26‰ for δ13C. 
Accuracy was determined by closeness to certified values of USGS 40 (n = 7), and means were within 
0.04 ‰ for δ15N and 0.07 ‰ for δ13C. Instrumental accuracy was checked throughout sample analysis 
based on repeated runs of NIST standards 8573, 8547 and 8574 for δ15N and 8542, 8573, 8574 for δ13C (n 
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= 10 for all). The mean differences from the certified values were 0.07, -0.14, -0.19 ‰ for δ15N and 0.04, 
0.06 and 0.07 ‰ for δ13C, respectively. 
Species trophic positions were calculated relative to amphipods in each region assuming that 
amphipods occupy a trophic position of 2.5, as previously demonstrated for gammarids and Themisto spp. 
(Clayden et al., 2015; Fisk et al., 2003; Foster et al., 2012) and using a constant trophic enrichment factor 
of 3.8‰ (Hobson and Welch, 1992): 
 
TP = 2.5 + (δ15N fish/shrimp – δ15Namphipod)/ 3.8‰ 
 
Primary consumers such as amphipods are more typical as a reference value for carbon source 
(Fisk et al., 2003) however, amphipods collected in the three locations here were of different genera and 
widely different δ13C values (e.g. nearshore vs open water) (Table 1). Due to this variation, we used 
sculpin as the reference carbon source as it was the only species group collected in all locations exhibiting 
consistent (benthic) feeding habits (Gray, 2015; Hoekstra et al., 2003; Rigét et al., 2007). The equation 
used here was modified from Fisk et al., (2003): 
 
Relative carbon source = δ13C fish/shrimp/δ13C sculpin 
 
Carbon source of more than 1 thus represents organisms with more pelagic feeding habits and 
equal or lower represents benthic feeding habits (Fisk et al., 2003).  
 
Statistical analyses 
THg concentrations were reported in μg g-1 wet weight (ww). As there were significant 
correlations between ΣPCB, ΣCHL, ΣHCH, ΣClBz, mirex and dieldrin concentrations and lipid content 
considering all species together (R2 > 0.23, p < 0.02), POP concentrations were reported in ng g-1 lipid 
weight (lw) and all statistical analysis were performed with lipid corrected data. Contaminant 
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concentrations were natural log-transformed and proportions of compounds within each POP group were 
arcsine-transformed to meet normality requirements of linear models.  
Summary statistics were calculated only for contaminants detected in more than 70% of samples 
per species/location (details in Table 2). In those cases, the small number of individuals with non-detect 
values were set to a random value between 0 and 0.5 MDL. Although we show contaminant 
concentrations for amphipods, they were not included in statistical analysis due to the low sample size. To 
compare contaminant concentrations and proportions among species/locations, we used linear models 
(one-way analysis of variance) including Species per Location as the independent variable and each 
individual or sum (Σ) contaminant concentration as the dependent variable, 
 
followed by post-hoc Tukey’s honestly significant difference tests. We did not consider location 
separately from species as not all species were collected in all locations.  
To evaluate the influence of biological and ecological factors on contaminant concentrations, we 
first used a Pearson correlation matrix to assess linear relationships between weight, length, relative 
carbon source and trophic position. Only weight and length were significantly correlated (R2 = 0.78, p < 
0.0001). Since length is related to age in fish species and consequently with bioaccumulation 
(Morrongiello et al., 2012), length and not weight was included in subsequent analyses. Next, the model 
selection was performed in a step-wise approach with linear mixed effects models using the package lme4 
(Bates et al., 2014). The explanatory variables included in the initial model were trophic position (TP), 
relative carbon source (C), length and their interactions as fixed effects, and species/location as random 
effects. 
 
 
log/arcsin (contaminant) = β
0
 + β
Species
 * Species/Location + ε 
log(contaminant) = β
0
+ β
TP
* TP * β
C
 * C * β
Length
 * Length + (1|Species/Location) + ε 
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Akaike information criterion for small sample sizes (AICc) was used to determine the best 
relative fit model with the package AICcmodgav (Mazerolle, 2017). The best model was selected based 
on the lowest AICc and the significance of fixed effects was determined by comparing the fit model with 
and without the term of interest using an ANOVA-type parametric bootstrap test with the package 
pbkrtest (Halekoh and Hojsgaard, 2014). The best fit model was inspected for normality of residuals and 
heteroscedasticity. All analyses were performed using R software version 3.2.0 (R Core Team, 2018) and 
statistical significance was considered at p < 0.05. 
 
Results and Discussion 
THg and legacy POP concentrations and spatial variation 
Concentrations of THg, ΣPCB and ΣOC varied among species/locations with up to four-times 
higher levels in sculpin and northern shrimp, compared to Arctic cod, capelin and sand lance (THg: F7,96 = 
130, p < 0.001; ΣPCB: F7,95 = 29.8, p < 0.001; ΣOC: F7,95 = 36.3, p < 0.001; Table 1.2, Table A1.7 for wet 
weight results, Figure 1.2). For THg, sculpin and northern shrimp exhibited significantly higher levels (p 
< 0.001) than other species regardless of sampling location. In fact, THg concentrations in sculpin and 
northern shrimp were close to the 0.5-1.2 µg g-1 ww range of muscle Hg toxicity thresholds for freshwater 
fish (Dietz et al., 2013; >73% in the form of MeHg for sculpin and northern shrimp; Pedro et al, 
unpublished data). Overall, POP concentrations were more variable than THg among species/locations. 
For example, sculpin from all three locations showed higher ΣDDT levels (p < 0.02) than Arctic cod, 
capelin, and sand lance, while northern shrimp showed similar ΣDDT levels to these species. For ΣPCB, 
ΣClBz, ΣHCH and mirex, northern shrimp showed higher levels (p < 0.001) than Arctic cod, capelin, and 
sand lance, while dieldrin and ΣCHL levels were higher (p < 0.001) only in northern shrimp compared to 
Arctic cod and sand lance. Sculpin occasionally showed higher levels of these contaminants compared to 
other species, depending on sampling location. These differences among species/locations may to some 
extent be explained by the more benthic feeding habits of sculpin and northern shrimp compared to the 
other more pelagic fish (Giraldo et al., 2016; further discussed in Influence of biological and ecological 
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factors). Notably, amphipods generally showed high levels of ΣPCB and OCs in the low and mid-Arctic 
compared to the high Arctic, possibly related to their relative benthic scavenging habits (Tables 1.1 and 
1.2). However, due to small sample sizes, we did not include amphipods in the statistical analysis or 
attempt to draw any further comparisons with other focal species. 
Spatial variation was assessed by comparing Arctic cod only successfully sampled from the mid- 
and high Arctic, and sculpin from all three locations, although the sculpin species sampled was not 
identical among locations (Table 1.2). Concentrations of THg, ΣPCB, and most OCs were similar 
between Arctic cod sampled in the mid- and high Arctic, except for small but significant differences in 
ΣClBz (t = -4.0, p = 0.003), OCS (t = -5.1, p < 0.001), and mirex (t = -5.2, p < 0.001; Figure 1.2). 
Chlorobenzenes are highly volatile contaminants that tend to increase in concentration with latitude in 
water and in biota within the Arctic (Wania and Mackay, 1996). However, we observed the opposite 
pattern, i.e., higher concentrations in Arctic cod from the mid-Arctic compared to conspecifics in the high 
Arctic. Higher OCS and mirex in mid-Arctic cod relative to high Arctic may be in part related to their 
relatively low volatility and thus more pronounced latitudinal gradient relative to more volatile 
contaminants (Mackay et al., 1997, 1991).  
For sculpin, regional variation in contaminant concentrations was greater and not consistent with 
the patterns observed for Arctic cod (Figure 1.2) or with a clear latitudinal trend. The only exception was 
an increase with latitude for ΣClBz (p < 0.05). Therefore, regional variation in sculpin contaminant 
concentrations was likely influenced by other intra- or inter-specific variation. Although sculpin feed on 
benthic amphipods, small fish and polychaetes (Evenset et al., 2016), their diets tend to be variable with 
no dominant prey species. Moreover, sculpin diet can vary among species and with the region and depth 
at which they feed (Giraldo et al., 2016; Gray, 2015). Thus, sculpin may not be well suited for use as a 
biomonitor of regional variation in contaminant levels. For example, higher levels of ΣCHL, ΣClBz and 
ΣHCH were previously found in sculpins of Triglops spp. compared to Arctic staghorn sculpin 
(Gymnocanthus tricuspis) sampled within the same region, and were related to differences in diet (Braune 
et al., 2014a). In summary, there was no consistent latitudinal gradient in contaminant concentrations 
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based on our results for Arctic cod and for sculpin. Nonetheless, because we found spatial variation for 
ΣClBz, OCS, and mirex in Arctic cod, we only considered ΣPCB, ΣCHL, ΣHCH, ΣDDT, dieldrin and 
THg in subsequent, more detailed comparisons among Arctic cod, capelin, and sand lance.  
 
Legacy POP patterns and spatial variation 
Contaminant patterns (proportions of individual compounds in each contaminant class) were 
generally similar among most species (Figure 1.3) and were in agreement with previous studies (Fisk et 
al., 2003). However, we found some significant differences in contaminant patterns among species (p < 
0.001). Higher proportions of the highly chlorinated hexa- and hepta-PCB and lower proportions of tri-
PCB (p < 0.001) were commonly found in sculpins relative to Arctic cod, capelin and sand lance (except 
that no differences were found for hexa- and hepta-PCB in sculpin in the mid-Arctic compared to 
invading species). This finding may be related to the nearshore/benthic feeding habits of sculpin relative 
to these other more pelagic forage fish. Penta- and hexa-PCB congeners are more associated with 
sediments rich in organic matter at nearshore shallow waters (Ma et al., 2015), and consequently may 
tend to occur at higher concentrations where benthic/nearshore organisms commonly feed (Giraldo et al., 
2016; Hoekstra et al., 2003). In addition to differences found for PCBs among species, we also found 
differences in PCB patterns within species among locations. Higher proportions of penta-PCBs and lower 
proportions of nona-PCBs (p < 0.02) in Arctic cod in the high Arctic compared to the mid-Arctic 
demonstrate the commonly observed latitudinal patterns seen for PCB profiles (Sobek et al., 2010; Wania 
and Mackay, 1996). For sculpin, lower proportions of hexa- and hepta-PCB (p < 0.02) in the mid-Arctic 
were found compared to the low and high Arctic. Sculpin in the low and high Arctic regions were of the 
same genera, but of a different genus than sculpin collected in the mid-Arctic. Diet differences among 
these sculpin species (Gray, 2015) could influence their contaminant patterns. We also found lower 
proportions of α-HCH and higher proportions of γ-HCH in Arctic cod from the high Arctic compared to 
Arctic cod and other fish in the mid- and low-Arctic, although the reason for these differences is not clear.  
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Higher proportions of HCB found in invading species (p < 0.01) relative to other species sampled 
(except for sculpin in the high Arctic) suggests a more “temperate”-type signature for at least the highly 
migratory capelin (Rose, 2005). By “temperate”, we mean higher overall contaminant concentrations 
and/or proportions of the heavier, less volatile contaminants, such as HCB relative to the lighter tetra- and 
penta-ClBz, are to be expected at temperate latitudes relative to the Arctic. A more “temperate”-type 
signature in capelin relative to year-round resident Arctic forage species (McKinney et al., 2012; Morris 
et al., 2016; Rose, 2005) is consistent with capelin movements between North Atlantic and Arctic waters. 
Less is known about sand lance movements in the Arctic, although it was suggested that low temperatures 
and prey availability favor sand lance reproduction (Danielsen et al., 2016; Robards et al., 2002). Thus, it 
is possible that warming ocean waters could have favored the overall increase in sand lance abundance in 
Arctic regions (Falardeau et al., 2014; Provencher et al., 2012). Regardless, the intermediate contaminant 
signature and concentrations of sand lance relative to Arctic cod and capelin (further details in 
Comparisons between Arctic cod and ‘replacement’ invasive species), is not as clearly supportive of sand 
lance acting as a contaminant biovector from regions further south as per capelin. The ClBz signature for 
northern shrimp was markedly different compared to other species, with higher proportions of 1,2,3,4-
TCB (p < 0.001) and lower of HCB (p < 0.01), possibly related to limited capacity to biotransform 
xenobiotics in invertebrates relative to teleost fish (Borgå et al., 2004). However, we could not explain 
this signature based on other data. In terms of spatial variation, we found higher proportions of HCB in 
the high Arctic sculpin compared to sculpin in other locations (p < 0.01) which may be related to spatial 
variation in sculpin feeding habits (Giraldo et al., 2016; Gray, 2015).  
Variation in ΣDDT and ΣCHL patterns were likely related to specific differences in diet or 
biotransformation capacity (Borgå et al., 2001; Hoekstra et al., 2003; Hop et al., 2002). For example, 
higher proportions of p,p’-DDE found in sculpin of Myoxocephalus spp (in the low and high Arctic) 
compared to other forage species (p < 0.001) has previously been found in the southern Beaufort-Chukchi 
Seas. The authors related the results to a high capacity of this sculpin or their prey to dehydrochlorinate 
DDT compounds (Hoekstra et al., 2003). Similarly, higher proportions of the metabolite oxychlordane in 
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sculpin of Myoxocephalus spp. and northern shrimp (p < 0.001) compared to other species sampled may 
indicate increased biotransformation capacity in these species (Hoekstra et al., 2003).   
 
PBDE and other FR concentrations 
In contrast to THg and legacy POPs, and despite the temporal increases in some FR 
concentrations reported in Arctic biota (Braune et al., 2005), PBDEs were the only FR measured above 
the detection limits for >70% of individuals, and only in some species/locations. Specifically, in the low 
Arctic, BDE-47 was detected in sculpin, BDE-85 in capelin, and BDEs-28, 47, 99, and 100 in amphipods. 
For other species/locations, only a few individuals had detectable levels of certain PBDEs (Table A1.6). 
These findings of low to non-detectable levels in these prey species are not necessarily surprising, since 
FR are generally found at lower concentrations, and are not as persistent or bioaccumulative, relative to 
legacy POPs and THg (Braune et al., 2014a; de Wit et al., 2006; Kelly et al., 2008). Regardless, these 
results make it difficult to assess FR spatial trends and consequently, we did not further evaluate FR 
concentrations and patterns among species/locations.  
 
Comparisons between Arctic cod and ‘replacement’ species 
We found inter-specific differences in contaminant concentrations and patterns between native 
Arctic cod (in the mid- and high Arctic) and the ‘replacement’ species capelin and to a lesser extent, sand 
lance (Figure 1.2), which may be related to, among other factors, migratory behavior of capelin relative to 
Arctic cod. Levels of THg were significantly higher in Arctic cod than in capelin (p < 0.001), but were 
not different relative to sand lance. Conversely, ΣPCB, dieldrin, ΣDDT, and ΣCHL (p < 0.02) were 
significantly higher in capelin than in Arctic cod. Concentrations of ΣCHL and ΣDDT (p < 0.02) were 
also higher in sand lance compared to Arctic cod, while ΣPCB and dieldrin concentrations were similar 
between sand lance and Arctic cod. No differences were found among these three species for ΣHCH 
concentrations. Certain contaminants such as p,p’-DDT and ΣPBDE were not consistently detected in 
Arctic cod, whereas they were measured in all capelin analyzed. In addition, we found variation in 
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contaminant patterns between Arctic cod and non-native species, i.e., higher proportions of α-HCH, hexa- 
and hepta-PCB, cis- and trans-nonachlor (p < 0.001) in capelin and sand lance relative to Arctic cod 
(Figure 1.3). Conversely, Arctic cod had higher proportions of γ-HCH, penta-PCB and cis-chlordane 
compared to both invaders (p < 0.001).  
The observed higher proportions of less volatile PCBs and differences in the fractions of 
compound species of CHL technical mixture in capelin and sand lance relative to Arctic cod, suggest a 
more “temperate”-type contaminant signature in the invaders, especially capelin (Jantunen et al., 2015; 
Sobek et al., 2010; Su et al., 2008; Wania, 1998). This signature suggests that migration patterns of 
capelin may also have contributed to our finding of significantly higher concentrations of ΣPCB, dieldrin, 
ΣDDT, and ΣCHL in capelin versus Arctic cod and the opposite for THg. Most of these organic 
contaminants have been reported at higher concentrations in temperate relative to Arctic waters and food 
webs (Sobek et al., 2010; Wania and Mackay, 1993). For example, some PCB congeners were found at 
ten times higher concentrations in water and double the concentration in zooplankton in the temperate 
Baltic Sea compared to Arctic Barents Sea (Sobek et al., 2010). Concentrations of THg, on the other 
hand, tend to be higher in the Arctic Ocean relative to waters at lower latitudes due to increased inputs 
from rivers, reduced water-air exchanged prevented by sea-ice and mercury depletion events (Andersson 
et al., 2008; Emmerton et al., 2013; Zhang et al., 2015). Nonetheless, the detection of p,p’-DDT and 
PBDEs in capelin may also reflect regional variation in contaminant concentrations, since we detected 
these compounds in amphipods in the low Arctic, but not in the mid- and high Arctic. Possible influence 
of biological and ecological factors is discussed below. 
  
Influence of biological and ecological factors 
General linear models indicated that relative carbon source was an important variable explaining 
differences in contaminant concentrations among species/locations (Table 1.3). Relative carbon source 
was weakly but positively associated with ΣPCB (Figure 1.4a), ΣCHL and ΣDDT concentrations and 
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although not significant, was also included in the best fit models for mirex and THg. ΣPCB (especially 
penta- and hexa-PCB), ΣCHL, ΣDDT and mirex are very hydrophobic contaminants (log Kow from 5.8 to 
7.3; Mackay et al., (1997, 1991)) that tend to show higher concentrations in more benthic/shallow waters 
rich in organic matter relative to pelagic habitats (Ma et al., 2015). Likewise, MeHg, the bioaccumulative 
form of THg, is more abundant within highly productive nearshore environments (Barkay and Poulain, 
2007; Kainz et al., 2003; Lehnherr et al., 2012). Thus, higher contaminant concentrations observed in 
sculpin relative to other fish species are likely explained, in part, by their foraging habitats (Giraldo et al., 
2016). In support of this, relative carbon source of sculpin was significantly more benthic than for Arctic 
cod, capelin and sand lance (p < 0.001). Benthic organisms tend to have higher concentrations of most 
contaminants than pelagic organisms and to show more inter-individual variability in POP concentrations 
(Evenset et al., 2016; Fisk et al., 2003). Similarly, more benthic relative carbon sources found in Arctic 
cod relative to capelin and sand lance (p < 0.001) could partly explain higher THg concentrations in the 
former. However, carbon source did not explain the higher concentrations of ΣPCB, ΣCHL and ΣDDT 
measured in capelin and sand lance compared to Arctic cod because, unlike THg, Arctic cod had lower 
concentrations of these contaminants relative to capelin and sand lance.  
Trophic position explained a significant amount of the variation for OCS concentrations among 
species/location, but not for other contaminants (Table 1.3). We found significantly higher TPs in sculpin 
compared to other species (p < 0.001) that would partially explain the higher OCS concentrations 
observed in sculpin (Fisk et al., 2001). The limited trophic range of the forage species examined may 
explain the lack of consistent relationships of other biomagnifying POPs with trophic position. 
Biomagnification is better assessed through more fulsome sampling of the food web, including top 
predators (Hop et al., 2002; Loseto et al., 2008; Ruus et al., 2015).  
Fish length significantly explained variation in THg concentrations among species/location, but 
not other contaminants (Table 1.3, Figure 1.4d). Increasing THg concentrations with fish length have 
been reported in previous studies (Braune et al., 2015a; Evans et al., 2005; Sackett et al., 2013). Length is 
positively associated with age in fish and due to bioaccumulation and/or differences in diet (e.g. Arctic 
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cod switches to larger zooplankton prey species at different growing stages (Falardeau et al., 2014)), older 
fish and/or larger species may show higher THg levels (Schneider et al., 2000). Significantly larger Arctic 
cod (p < 0.001) compared to capelin and sand lance (Hop and Gjøsaeter, 2013) could also partly explain 
higher THg levels found in the former.  
Our results for most lipid weight contaminants, except ΣClBz and THg, differ from those recently 
found for Arctic cod, capelin, and sand lance in the low Arctic region of Northern Hudson Bay (Braune et 
al., 2014a). Although the authors did not undertake statistical comparisons among species, in that study 
Arctic cod showed apparently higher concentrations of POPs than capelin and sand lance in that region. 
However, Arctic cod in this previous study showed ΣOC concentrations averaging twice as much as those 
we found, while capelin and sand lance showed two times lower ΣOC concentrations than we measured. 
Considering the biological and ecological variables measured in both studies, our finding of higher 
trophic position (based on δ15N) of capelin and sand lance, but similar trophic position of Arctic cod, 
relative to Braune et al., (2014a) could partially explain this variation between studies. Fish lengths and 
sampling years were similar between the two studies.  
Except for THg, it was not possible to explain the differences in contaminant concentrations 
between Arctic cod, capelin, and sand lance based on the biological and ecological variables we 
considered. Thus, our findings of higher concentrations of PCBs and most OCs, as well as different 
contaminant patterns in capelin and to some extent in sand lance, relative to Arctic cod, are consistent 
with the hypothesis that invading forage species can act as vectors for at least, certain organic 
contaminants into Arctic marine food webs. Nonetheless, native northern shrimp and sculpin showed 
higher concentrations of all contaminants compared to capelin and sand lance. Furthermore, POP 
concentrations in capelin and/or sand lance relative to Arctic cod were generally higher by only up to 
two-fold or less, and THg and ΣClBz concentrations were actually higher in Arctic cod than in capelin 
and sand lance. Taken together, our findings indicate that changes in Arctic native piscivore diets from 
Arctic cod to capelin and/or sand lance may only have a weak influence on their exposures to both THg 
and legacy POPs. Future work will focus on the potential impacts of these changes in the forage 
  
25 
 
community for predators beyond contaminant concentrations, e.g., including concentrations of important 
micronutrients, such as selenium and essential fatty acids. If these dietary shifts are occurring towards 
prey of lower nutrient content, coupled with higher levels of certain contaminants, then the impact of 
these prey fish community changes may be a greater concern for Arctic seabirds, predatory fish, and 
marine mammals.
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Tables & Figures 
Table 1.1 Biological and ecological characteristics of prey fish and invertebrate species in the eastern Canadian Arctic territory of Nunavut collected from 
2012 to 2014. Results denoted as arithmetic mean (min-max). 
 Arctic cod Capelin Sand lance Sculpin Northern shrimp Amphipods 
 Clyde River  Resolute 
Bay 
Arviat Arviat Arviat Clyde River Resolute Bay Clyde River Arviat Clyde 
River 
Resolute 
Bay 
 Boreogadus 
saida 
 Mallotus 
villosus 
Ammodytes 
spp. 
Myoxocephalus 
spp. 
Cottuncullus 
microps 
Myoxocephalus 
spp. 
Pandalus borealis Gammarus 
oceanicus 
Themisto 
libellula 
Gammarus 
setosus 
na 20 20 11 13 10 10 10 10 1 pool 1 pool 2 pools 
Feeding 
modeb 
Predator, pelagic Predator, 
pelagic 
Predator, 
pelagic 
Predator/Scavenger, benthic Predator or 
detritivore supra-
benthic 
Grazer, 
pelagic 
Predator, 
pelagic 
Grazer, 
pelagic 
Habitat 
rangec 
Arctic native Sub-Arctic; 
migratory 
Sub-Arctic Arctic native Arctic native Arctic 
native 
Arctic 
native 
Arctic native 
Length 
(mm) 
142 
(109-182) 
148 
(125-174) 
103 
(86-123) 
96 
(84-109) 
197 
(129-230) 
127 
(82-168) 
148 
(117-213) 
- - - - 
Weight (g) 31.3 
(12.3-60.7) 
26.0 
(15.0-35.0) 
8.7 
(4.0-15.0) 
3.8 
(2.7-5.5) 
149 
(25.2-228) 
77.1 
(19.0-163) 
78.3 
(27.0-224) 
13.2 
(10.6-15.7) 
- - - 
% lipid 1.4 
(0.3- 2.7) 
2.6 
(1.4-4.0) 
1.8 
(1.3-3.2) 
1.5 
(1.2-1.7) 
0.8 
(0.2-1.3) 
0.3 
(0.2-0.5) 
0.7 
(0.4-1.3) 
0.3 
(0.2-0.5) 
0.75 11.0 1.7 
(1.2-2.2) 
% 
moisture 
79.8 
(76.9-82.5) 
78.8 
(76.2-82.1) 
80.6 
(79.3-83.3) 
78.3 
(73.5-81.5) 
79.9 
(78.0-82.2) 
81.7 
(78.6-85.3) 
78.2 
(77.3-80.0) 
76.7 (75.4-79.7) 74.2 67.8 80.4 
(78.3-82.5) 
δ15N ‰ 14.9 
(14.2-16.3) 
15.2 
(14.3-15.9) 
14.7 
(13.9-15.3) 
14.2  
(12.7-15.8) 
15.7 
(14.4-14.5) 
18.0 
(17.1-18.6) 
16.1 
(15.5-16.7) 
15.8 
(15.4-16.3) 
10.0 13.1 13.0 
(12.6-13.3) 
δ13C ‰ -20.7 
(-21.1--20.4) 
-19.9 
(-20.4--19.5) 
-21.1 
(-23.1- -20.0) 
-21.6 
(-23.2- -19.6) 
-16.6 
(-18.9--14.2) 
-19.1 
(-17.9--19.8) 
-17.7 
(-18.5--17.0) 
-19.0 
(-19.3- -18.7) 
-16.5 -21.4 -17.3 
(-18.3--16.3) 
Trophic 
positiond 
2.96 
(2.78-3.34) 
3.08 
(2.86-3.27) 
3.73 
(3.52-3.90) 
3.61 
(3.20- 4.02) 
3.99 
(3.66-4.45) 
3.80 
(3.56-3.94) 
3.31 
(3.18-3.49) 
3.21 
(3.10-3.33) 
2.50 2.50 2.50 
Relative 
carbon 
sourcee 
1.08 
(1.07-1.10) 
1.12 
(1.10-1.15) 
1.27 
(1.20-1.39) 
1.30 
(1.18-1.39) 
1.00 1.00 1.00 0.99 
(0.98-1.01) 
0.99 1.12 0.98 
(0.92-1.03) 
aA number of individuals varying with species were pooled for persistent organic pollutant analyses. Details can be found in TableS1.3. 
bFeeding mode based on Falardeau et al. (2014) for Arctic cod and sand lance, Rose (2005) for capelin, Giraldo et al. (2016) for sculpin, Fisk et al. (2003) for 
northern shrimp and T. libellula and Clayden et al. (2015) for gammarids. 
cHabitat range based on Rose (2005) for capelin and Falardeau et al. (2014) for sand lance.   
dTrophic position of forage fish and shrimp species in relation to the amphipods per region, assuming they occupy a trophic position of 2.5 (Fisk et al., 2003). 
3.8‰ was considered to be the isotopic enrichment along the food web in each trophic level. The equation used was: TP = 2.5 + (δ15Nfish/invertebrate - 
δ15Namphipods)/3.8. 
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eRelative carbon source of forage fish and shrimp species was calculated in relation to sculpin per region based on the equation: δ13Cfish/invertebrate/ δ13Csculpin 
(Fisk et al., 2003). 
 
Table 1.2 Concentrations of total mercury (THg; µg g-1 wet weight) and persistent organic pollutants (ng g-1 lipid weight) in prey fish and invertebrate species 
in the eastern Canadian Arctic territory of Nunavut collected from 2012 to 2014. Results denoted as arithmetic mean (min-max) or ND (not detected) when 
<70% of the individuals had concentrations above the detection limit. 
 Arctic cod Capelin Sand lance Sculpin Northern 
shrimp 
Amphipods 
 Clyde  
River 
 Resolute 
Bay 
Arviat Arviat Arviat Clyde  
River 
Resolute  
Bay 
Clyde 
River 
Arviat Clyde 
River 
Resolute 
Bay 
 Boreogadus 
saida 
 Mallotus 
villosus 
Ammodytes 
spp. 
Myoxocephalus 
spp. 
Cottuncullus 
microps 
Myoxocephalus 
spp. 
Pandalus 
borealis 
Gammarus 
oceanicus 
Themisto 
libellula 
Gammarus 
setosus 
THg 0.03 
(0.02-0.05) 
0.03 
(0.02-0.04) 
0.01 
(0.01-0.02) 
0.02 
(0.02-0.04) 
0.13 
(0.05-0.26) 
0.27 
(0.12-0.39) 
0.12 
(0.06-0.23) 
0.21 
(0.17-0.25) 
0.02 0.01 0.01 
(0.01-0.02) 
ΣPCB 98 
(55-210) 
78 
(57-106) 
138 
(83-218) 
113 
(70-158) 
234 
(117-437) 
423 
(176-903) 
310 
(163-611) 
245 
(132-339) 
510 34.7 83.8 
(81.4-86.2) 
Dieldrin 21.1 
(12.9-41.8) 
16.8 
(8.9-27.1) 
39.3 
(24.3-53.3) 
16.5 
(12.6-19.4) 
19.7 
(9.6-26.1) 
20 
(2-58) 
48.7 
(34.8-71.4) 
79 
(31-121) 
72.7 15.9 25.2 
(19.6-30.9) 
Mirex 0.6 
(0.2-1.4) 
 
0.3 
(0.1- 0.6) 
1.9 
(0.7-3.7) 
1.4 
(0.7-2.1) 
3.0 
(1.0-6.4) 
6.0 
(2.8-17.7) 
2.8 
(0.8-7.5) 
6.2 
(3.3-8.5) 
1.6 1.5 0.4 
(0.3-0.4) 
ΣHCH 15.4 
(6.4-33.6) 
15.7 
(10.1-18.7) 
11.7 
(9.7-15.3) 
11.8 
(9.2-15.4) 
16.6 
(11.2-21.2) 
64.1 
(11.3-97.6) 
27.8 
(18.8-48.2) 
35.7 
(12.3-53.9) 
14.4 15.2 24.4 
(19.7-29.1) 
ΣClBz 85.9 
(37.8-267) 
47.5 
(32.3- 73.6) 
49.1 
(39.1-63.9) 
42.0 
(36.6-52.3) 
49.6 
(19.2-81.6) 
70.6 
(24.5-170) 
103 
(65-170) 
426 
(170-569) 
47.3 26.2 61.0 
(41.1-81.0) 
ΣDDT 14.4 
(7.70-41.8) 
9.55 
(6.2-15.0) 
33.6 
(17.0-54.0) 
23.0 
(11.0-31.0) 
108 
(20-258) 
118 
(71.7-173) 
171 
(53-460) 
19.2 
(8.4-31.6) 
105 8.9 19.0 
(15.8-22.1) 
OCS 0.5 
(0.2-1.1) 
0.3 
(0.1-0.6) 
1.85 
(0.9-4.0) 
1.0 
(0.4-2.0) 
1.4 
(0.6-2.3) 
2.1 
(1.2-3.6) 
1.5 
(0.8-3.2) 
1.8 
(0.8-2.3) 
1.2 0.3 1.6 
(1.5-1.7) 
ΣCHL 44.2 
(15.4-69.0) 
40.4 
(27.9-56.0) 
103 
(55.4-167) 
70.3 
(33.8-158) 
147 
(42-323) 
33.9 
(19.5-52.7) 
228 
(129-360) 
166 
(79-281) 
420 30.9 80.2 
(65.2-95.2) 
ΣOC 182 
(109-435) 
131 
(90-174) 
241 
(158-317) 
166 
(106-216) 
345 
(131-695) 
312 
(179- 491) 
583 
(334- 978) 
734 
(305- 937) 
662 97.5 212 
(179- 245) 
ΣPBDE ND 
(<0.04 -10.6) 
ND  
(<0.04-63.6) 
11.1 
(0.02-17.4) 
ND ND 
(<0.04- 328.6) 
ND ND 
(<0.04- 68.8) 
ND 303.3 ND ND 
Contaminants represented are Σ40polychlorinated biphenyl (ΣPCB), Σhexachlorocyclohexanes (ΣHCH), Σchlorobenzenes (ΣClBz), 
Σdichlorodiphenyltrichloroethanes (ΣDDT), octachlorostyrene (OCS), Σchlordanes (ΣCHL), Σorganochlorinated pesticides (ΣOC) and Σ19polybrominated 
diphenyl ether (ΣPBDE). 
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Table 1.3 Akaike’s Information Criteria for small sample sizes (AICc) and linear mixed effects model results assessing the influence of fish length, trophic 
position and relative carbon source on THg and POPs concentrations in marine forage fish and invertebrates sampled in the eastern Canadian Arctic from 
2012-2014. 
Contaminant   parameter estimates bootstrap (p < 0.0001 ‘***’ p< 0.001 ‘**’ p < 0.01 ‘*’)  
Best relative fit modela Degrees 
of 
freedom 
Conditional R2 Species/Locatio
n 
TP Carbon 
source 
Length 
THg Length + carbon source + (1 | Species/ 
Location) 
1 0.90 <0.0001***  0.2475 0.009901 
** 
Dieldrin (1 | Species/ Location) - 0.56 <0.0001***    
Mirex carbon source + (1 | Species/ Location) 1 0.77 <0.0001***  0.1485  
ΣPCB carbon source + (1 | Species/Location) 1 0.67 <0.0001*** 
 
0.009901 **  
ΣHCH (1 | Species/ Location) - 0.53 <0.0001***    
ΣClBz (1 | Species/ Location) - 0.73 <0.0001***    
ΣDDT carbon source + (1 | Species/Location) 1 0.86 <0.0001***  0.009901 **  
OCS TP + (1 | Species/ Location) 1 0.65 <0.0001*** 0.009901 **   
ΣCHL carbon source + (1 | Species/Location) 1 0.78 <0.0001***  0.01980 *  
aMixed effects models with log transformed contaminant concentrations. PCB and OCs are in ng g-1 lipid weight and THg is in µg g-1 wet weight. Trophic 
position (TP) and carbon source were calculated relative to amphipod δ 15N and sculpin δ 13C values in each location (see Table 1). 
Contaminants represented are total mercury (THg), Σ40polychlorinated biphenyl (ΣPCB), Σhexachlorocyclohexanes (ΣHCH), Σchlorobenzenes (ΣClBz), 
Σdichlorodiphenyltrichloroethanes (ΣDDT), octachlorostyrene (OCS), Σchlordanes (ΣCHL), Σorganochlorinated pesticides (ΣOC) and Σ19polybrominated 
diphenyl ether (ΣPBDE). 
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Figure 1.1 Sampling locations of marine forage fish and invertebrates from 2012-2014 in the eastern 
Canadian Arctic. Sampling was near Arviat, Clyde River, and Resolute Bay, Nunavut, representing low 
Arctic, mid-Arctic, and high Arctic locations, respectively. 
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Figure 1.2 Concentrations of total mercury (THg) in µg g-1 wet weight (ww) and persistent organic 
pollutants: Σpolychlorinated biphenyl (ΣPCB), Σchlorobenzenes (ΣClBz), dieldrin, 
Σhexachlorocyclohexanes (ΣHCH), octachlorostyrene (OCS), Σdichlorodiphenyltrichloroethanes 
(ΣDDT), mirex and Σchlordanes (ΣCHL) in ng g-1 lipid weight (lw) in major prey fish and invertebrates 
from the low (LA), mid- (MA) and high (HA) eastern Canadian Arctic from 2012-2014. Significant 
differences in contaminant concentrations among species are indicated by different letters above each bar. 
Note that the y-axis for each contaminant group vary in units and scales. 
  
31 
 
 
Figure 1.3 Relative proportions (%) of, from left to right: polychlorinated biphenyl (PCB) homologue 
groups to ΣPCB, chlorobenzene compounds to ΣClBz, dichlorodiphenyltrichloroethanes compounds to 
ΣDDT, chlordane compounds to ΣCHL and hexachlorocyclohexane compounds to ΣHCH in marine prey 
fish and invertebrates sampled in the low Arctic (LA), mid-Arctic (MA) and high (HA) eastern Canadian 
Arctic from 2012-2014.  
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Figure 1.4 Linear relationships between a) relative carbon source and b) fish length and log transformed 
polychlorinated biphenyl (ΣPCB) concentrations (on a lipid weight basis) and c) relative carbon source 
and d) fish length and log transformed total mercury (THg) concentrations (on a wet weight basis) in fish 
sampled in the low Arctic (LA), mid-Arctic (MA) and high (HA) eastern Canadian Arctic from 2012-
2014. Points show mean (+/- standard error) for each fish species. Similar relationships to those found for 
ΣPCB were found between relative carbon source and dichlorodiphenyltrichloroethanes (ΣDDT) and 
chlordanes (ΣCHL). 
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Appendix 1 
Additional details on laboratory analyses 
 
POP analysis 
 
The method detection limits (MDLs) for PCBs, OCs and BDEs were calculated using the 
procedure defined in the Code of Federal Regulations (see Code of Federal Regulations, title 40, part 136, 
app. B). Briefly, a clean matrix in replicates was spiked with PCBs, OCs and BDEs at a low concentration 
level and carried through all sample processing steps. The MDLs were then calculated by multiplying the 
standard deviation of the replicates by the student's t-value. 
The GLIER and the Tomy laboratory labs participate in the annual Northern Contaminants 
Program (NCP) interlaboratory study, conducted by the Ontario Ministry of the Environment and Climate 
Change. NCP supplied the participant laboratories with an injection ready standard (IRS), 3 certified 
reference materials (CRMs) and 2 uncertified reference materials (UMs). The laboratory performance is 
evaluated based on the percent difference from the median value. The success rate of each laboratory is 
then determined based on the percentage of results that fall within 20% of the median value, using the 
categories excellent (results are 80-100% of the study median values), satisfactory (60-80%), marginal 
performance (50-60%) and needs improvement (<50%).   
For the GLIER lab, both PCBs and OCs results were ranked as excellent. The PCBs measured 
were 100% within 20% of the study median for IRS and UMs and 97.8% for CRMs, while OCs were 
100% for IRS and CRMs and 90% for UMs. The BDE congeners measured in the Tomy laboratory were -
28, 47, 77, 85, 99, 100 and 154.  For the IRS, 64% of all the results were within 20% of the study median 
design acquiring a satisfactory classification. For the CRMs and UMs, 100 and 83% of all the results were 
within 20% of the study value, respectively, acquiring an excellent category.     
Interlaboratory reproducibility was also assessed by comparing PBDE measurements made on the 
CARP reference material in the Tomy laboratory with those at GLIER. Measured values for BDE 
congeners -28, -47, -100 and -154 were within 41%, 9%, 33% and 41% of those in the GLIER laboratory.  
Mercury analysis 
The detection limit was determined using the instrument detection limit (IDL) and the method 
detection limit (MDL). The IDL was determined by evaluating the instrument noise level, i.e., it was 
estimated by calculating the average of standard deviations of three runs on three non –consecutive days 
from the analysis of reagent blank with ten consecutive measurements per day. The practical 
quantification limit (PQL) was also calculated to determine the MDL. The PQL is calculated based on the 
average volume and weight of all samples analyzed and the concentration of the lowest calibration 
standard (0.08 µg l-1) using the following equation: 
 
PQL = 
0.08 µg l-1× Volume (l)
Weight (g)
 
 
The MDL was determined by spiking a stock standard solution at the PQL level (0.08 µg kg-1) 
into 7 replicates of clean matrix before the digestion step. The MDL was then calculated based on 3.14 x 
the standard deviation of the 7 replicates. The 3.14 factor is based on the t distribution of the replicates, 
i.e., for seven samples (with six degrees of freedom) the t value for a 99% confidence interval is 3.14.  
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Table A1.1 Sample collection details for marine forage fish and invertebrates collected in eastern 
Canadian Arctic regions from 2012 to 2014. 
Fish/invertebrate 
species 
n Collection 
year 
Location GPS coordinates  
(Latitude; Longitude) 
Arctic cod     
 20 2013 Clyde River 71°06'33''N; 71°06'21"W 
 20 2012 Resolute 
Bay 
74°40'54''N; 94°51'33"W 
Capelin 
 
11 2014 Arviat 61º11'55"N; 93º58'28''W and 
61º09'46''N; 93º50'87''W 
Sand lance 13 2014 Arviat 61º09'46"N; 93º50'87"W 
Northern shrimp 10 2013 Clyde River 71°06'34"N; 71°06'21"W 
Sculpin     
Myoxocephalus spp. 10 2014 Arviat 61º06'73''N; 94º04'38''W 
Polar sculpin 10 2013 Clyde River 71°06'34"N; 71°06' 21"W 
Myoxocephalus spp. 10 2014 Resolute 
Bay 
74º40'08''N; 94º59'03''W 
Amphipods     
Gammarus oceanicus 1 pool  2014 Arviat Not recorded 
Themisto libellula 1 pool  2013 Clyde River 71°06'34"N; 71°06' 21"W 
Gammarus setosus* 2 pools  2014 Resolute 
Bay 
74º44'43''N; 95º04'07''W and  
74º45'93''N; 95º11'21''W 
Greenland cod 10 2014 Arviat 61º11'56''N; 93º58'28''W 
Cisco 5 2014 Arviat 61º06'73''N; 94º04'38''W 
Goiter blacksmelt 4 2013 Clyde River 71°06'34"N; 71°06' 21"W 
*The species identified corresponds to one of the pools. The individuals of the other pool were not 
identified. 
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Table A1.2 Concentrations of persistent organic pollutants (ng g-1 lw), total mercury (µg g-1 ww) and 
biological characteristics of additional forage fish species in the Eastern Canadian Arctic collected from 
2012 to 2014. Results are indicated as arithmetic mean (min-max) or ND (not detected) when >70% of 
the individuals had concentrations below the detection limit. 
 Greenland cod 
(Gadus ogac) 
Cisco 
(Cottuncullus 
microps) 
Goiter blacksmelt 
(Bathylagus 
euryops) 
n 10 5 4 
Length (mm) 305 (220-440) 352 (331-378) 108 (86-139) 
% lipid 0.6 (0.5-0.8) 5.2 (1.6-12.1) 10.2 (8.2-11.9) 
% moisture 81.3 (79.4-82.5) 71.3 (66.7-74.3) 73.0 (70.6-76.3) 
δ15N (‰) 18.0 (17.1-19.7) 13.4 (12.6-14.0) 15.5 (15.2-15.9) 
δ13C (‰) -18.9 (-19.5- -18.1) -18.2 (-16.6- -21.7) -20.6 (-20.4- -20.8) 
Trophic positiona 4.60 (4.36-5.04) 3.40 (3.17-3.55) 3.13 (3.05-3.23) 
Relative carbon 
sourceb 
1.14 (1.09-1.17) 1.09 (1.00-1.30) 1.07 (1.07-1.09) 
Organochlorinated pesticides and PCBs 
n 10 5 3 
ΣPCB 226 (118-301) 80.5 (50.7-140) 74.0 (51.7-91.3) 
Dieldrin 14.3 (7.7-23.3) 7.31 (3.4-10.0) 15.5 (14.9-17.2) 
Mirex 2.9 (1.1-5.8) 0.9 (0.3-1.5) 0.3 (0.2-0.3) 
ΣHCH 20.3 (12.7-28.8) 6.9 (4.1-11.4) 10.7 (8.3-12.8) 
ΣClBz 74.3 (45.2-99.1) 32.2 (27.9-36.3) 24.6 (22.9-26.4) 
ΣDDT 38.3 (14.4-84.2) 22.3 (7.1-37.7) 15.3 (13.2-16.9) 
OCS 2.5 (1.0-5.8) 0.83 (0.2-1.8) 0.3 (0.2-0.3) 
ΣCHL 72.1 (28.9-129.4) 46.0 (17.7-77.0) 42.1 (39.9-45.0) 
ΣOC 225 (117-368) 116 (60.7-173) 112 (104- 126) 
Flame retardants 
ΣPBDE 19.1 (1.5-188) ND (<0.04-11.1) ND 
BDE28 ND (<0.03-7.0) ND ND 
BDE47 ND (<0.02-56.0) ND (<0.02-11.1) ND 
BDE77 17.7 (<0.004-31.8) ND ND 
BDE85 1.4 (<0.004-5.1) ND ND 
BDE99 ND (<0.01-104) ND ND 
BDE154 ND (<.0.006-9.7) ND ND 
PBEB ND (<ND-5.3) ND ND 
Mercury    
THg (ww) 0.14 (0.06-0.36) 0.10 (0.05-0.18) 0.01 (0.01-0.02) 
aTrophic position of forage fish and shrimp species in relation to the amphipods per region, assuming they 
occupy a trophic position of 2.5 (Fisk et al., 2003). 3.8‰ was considered to be the isotopic enrichment 
along the food web in each trophic level. The equation used was: TP = 2.5 + (δ15Nfish/invertebrate - 
δ15Namphipods)/3.8. 
bRelative carbon source of forage fish and shrimp species was calculated in relation to sculpin per region 
based on the equation: δ13Cfish/invertebrate/ δ13Csculpin (Fisk et al., 2003).  
Contaminants represented are Σ40polychlorinated biphenyl (ΣPCB), Σhexachlorocyclohexanes (ΣHCH), 
Σchlorobenzenes (ΣClBz), Σdichlorodiphenyltrichloroethanes (ΣDDT), octachlorostyrene (OCS), 
Σchlordanes (ΣCHL), Σorganochlorinated pesticides (ΣOC), Σ19polybrominated diphenyl ether (ΣPBDE), 
and pentabromoethylbenzene (PBEB). 
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Table A1.3 Sample size and pooling approaches for analysis of polychlorinated biphenyls (PCBs) 
organochlorine (OC) pesticides and flame retardants (FRs) in marine forage fish and invertebrates from 
the eastern Canadian Arctic sampled from 2012-2014.  
aAmphipods were pooled also for total mercury (THg) and methyl mercury (MeHg) analyses.
Fish/invertebrate 
species 
Location PCBs/OCs/FRs (number of pools) 
  single 2 individuals 
per pool 
3 individuals 
per pool 
4 individuals 
per pool 
Several 
individuals 
per pool 
Capelin Arviat 3 2 0 1 0 
Sand lance Arviat 0 2 0 2 0 
Myoxocephalus 
spp. 
Arviat 8 1 0 0 0 
Gammarus 
oceanicusa 
Arviat 0 0 0 0 1 
Greenland cod Arviat 10 0 0 0 0 
Cisco Arviat 5 0 0 0 0 
Arctic cod Clyde River 12 4 0 0 0 
Northern shrimp Clyde River 2 4 0 0 0 
Polar sculpin Clyde River 4 3 0 0 0 
Themisto libellulaa Clyde River 0 0 0 0 1 
Goiter blacksmelt Clyde River 2 1 0 0 0 
Arctic cod Resolute Bay 5 6 1 0 0 
Myoxocephalus 
spp. 
Resolute Bay 6 2 0 0 0 
Gammarus setosusa Resolute Bay 0 0 0 0 2 
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Table A1.4 Detailed list of individual compounds analyzed for polychlorinated biphenyls (PCB), 
organochlorine (OC) pesticides and flame retardants (FRs) in marine forage fish and invertebrates from 
the eastern Canadian Arctic sampled from 2012-2014.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Compound group Individual compound 
Σpolychlorinated biphenyl (ΣPCB) CBs 18/17, 31/ 28, 33 44, 49, 52, 70, 74, 87, 95, 99, 101, 110, 
118, 105/132, 128, 138, 149, 151/82, 153, 158, 156/171, 170, 
177, 180, 183, 187, 191, 194, 195/208, 199, 205, 206, 209 
Σdichlorodiphenyltrichloroethanes 
(ΣDDT) 
p,p’-DDE, p,p’-DDD, p,p’-DDT 
Σchlordanes (ΣCHL) cis-nonachlor, trans-nonachlor, cis-chlordane, trans-
chlordane, oxychlordane, heptachlor epoxide 
Σchlorobenzenes (ΣClBz) 1,2,4,5-tetraClBz, 1,2,3,4-tetraClBz, PeClBz and 
hexachlorobenzene (HCB) 
Σhexachlorocyclohexanes (ΣHCH) α-, β-, γ-hexachlorocyclohexanes 
Σdechlorane (ΣDP) syn- and anti-Dechlorane Plus 
Σpolybrominated diphenyl ether 
(ΣPBDE) 
BDEs 15, 17, 28, 47, 49, 77, 85, 99, 100, 119, 139, 153, 154, 
156, 197, 206, 207, 208, 209 
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Table A1.5 Detection limits of polychlorinated biphenyls (PCB), organochlorine (OC) pesticides and 
flame retardants (FRs) on a wet weight basis. 
Contaminant Detection 
limit (ng g-1) 
Contaminant Detection 
limit (ng g-1) 
Contaminant Detection 
limit (ng g-1) 
PCB 18/17 0.019 PCB169 0.011 BDE28 0.030 
PCB 31/28 0.032 PCB 170 0.010 BDE47 0.020 
PCB 33 0.022 PCB 199 0.007 BDE77 0.004 
PCB 52 0.012 PCB 195/208 0.013 BDE85 0.004 
PCB 49 0.011 PCB 194 0.012 BDE99 0.010 
PCB 44 0.009 PCB 205 0.011 BDE100 0.003 
PCB74 0.010 PCB 206 0.009 BDE154 0.006 
PCB 70 0.015 PCB 209 0.007   
PCB 95 0.009 1,2,4,5-
tetrachlorobenzene 
0.050   
PCB 101 0.009 1,2,3,4-
tetrachlorobenzene 
0.022   
PCB 99 0.012 Pentachlorobenzene 0.026   
PCB 87 0.010 Hexachlorobenzene 0.020   
PCB 110 0.012 α-hexachlorocyclohexane 0.023   
PCB 151/82 0.023 β-hexachlorocyclohexane 0.021   
PCB 149 0.009 γ-hexachlorocyclohexane 0.022   
PCB 118 0.009 octachlorostyrene 0.035   
PCB153 0.009 Heptachlor Epoxide 0.023   
PCB 105/132 0.008 Oxychlordane 0.033   
PCB 138 0.012 trans-Chlordane 0.019   
PCB 158 0.004 cis-Chlordane 0.020   
PCB 187 0.011 trans-Nonachlor 0.020   
PCB 183 0.011 p,p'-DDE 0.042   
PCB 128 0.008 dieldrin 0.022   
PCB 177 0.009 p,p'-DDD 0.024   
PCB 156/171 0.013 cis-Nonachlor 0.021   
PCB 180 0.009 p,p'-DDT 0.022   
PCB 191 0.007 mirex 0.029   
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Table A1.6 Complementary information on nitrogen (δ15N) and carbon (δ13C) stable isotope ratios and concentrations of polychlorinated flame 
retardants (PBDE ng g-1 lw) and pentabromoethylbenzene (PBEB) in prey fish species in the Eastern Canadian Arctic collected from 2012 to 2014. 
Results are indicated as arithmetic mean (min-max) or ND (not detected) when >70% of the individuals had concentrations below the detection 
limit. 
 
 
 
 Arctic cod Capelin Sand lance Sculpin Northern 
shrimp 
Amphipods 
 Mid-Arctic High Arctic Low Arctic Low Arctic Low Arctic Mid-Arctic High Arctic Mid-Arctic Low 
Arctic 
Mid-
Arctic 
High Arctic 
 Boreogadus 
saida 
 Mallotus 
villosus 
Ammodytes 
spp. 
Myoxocephalus 
spp. 
Cottuncullus 
microps 
Myoxocephalus 
spp. 
Pandalus 
borealis 
Gammarus 
oceanicus 
Themisto 
libellula 
Gammarus 
setosus 
Isotope ratios 
δ15N ‰ 14.9 
(14.2-16.3) 
15.2 
(14.3-15.9) 
14.7 
(13.9-15.3) 
14.2 
(12.7-15.8) 
15.7 
(14.4-14.5) 
18.0 
(17.1-18.6) 
16.1 
(15.5-16.7) 
15.8 
(15.4-16.3) 
10.0 13.1 13.0 
(12.6-13.3) 
δ13C ‰ -20.7 
(-21.1--20.4) 
-19.9 
(-20.4--19.5) 
-21.1 
(-23.1--20.0) 
-21.6 
(-23.2--19.6) 
-16.6 
(-18.9--14.2) 
-19.1 
(-17.9--19.8) 
-17.7 
(-18.5--17.0) 
-19.0 
(-19.3--18.7) 
-16.5 -21.4 -17.3 
(-18.3--16.3) 
Brominated flame retardants 
ΣPBDE ND 
(<0.04-10.6) 
ND  
(<0.04-63.6) 
11.1 
(0.02-17.4) 
ND ND  
(<0.04- 329) 
ND ND 
(<0.04- 68.8) 
ND 303 ND ND 
BDE28 ND ND ND ND ND  
(<0.03-8.6) 
ND ND ND 8.9 ND ND 
BDE47 ND 
(<0.02-48.1) 
ND ND ND 
(<0.02-14.5) 
87.8  
(<0.02-312) 
ND ND 
(<0.02-47.5) 
ND 224 ND ND 
BDE77 ND 
(<0.004-1.5) 
ND  
(<0.004-10.6) 
ND ND 
(<0.004-22.2) 
ND 
(<0.004-23.0) 
ND ND ND ND ND ND 
BDE85 ND ND 11.1  
(<0.004-17.4) 
ND ND 
(<0.004-51.7) 
ND ND ND ND ND ND 
BDE99 ND 
(<0.01-34.7) 
ND ND 
(<0.01-5.3) 
ND 
(<0.01-16.1) 
ND ND ND 
(<0.01-68.8) 
ND 50.0 ND ND 
BDE100 ND 
(<0.003-4.1) 
ND ND ND ND 
(<0.003-14.2) 
ND ND ND 21.3 ND ND 
BDE154 ND ND ND  
(<0.006-3.7) 
ND ND ND ND ND ND ND ND 
PBEB ND ND ND ND ND 
(<ND-4.5) 
ND ND ND ND ND ND 
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Table A1.7 Concentrations of persistent organic pollutants (ng g-1 wet weight) in prey fish and invertebrate species in the eastern Canadian Arctic 
territory of Nunavut collected from 2012 to 2014. Results denoted as arithmetic mean (min-max) or ND (not detected) when < 70% of the 
individuals had concentrations above the detection limit. 
 Arctic cod Capelin Sand lance Sculpin Northern 
shrimp 
Amphipods 
 Clyde  
River 
 Resolute 
Bay 
Arviat Arviat Arviat Clyde  
River 
Resolute  
Bay 
Clyde 
River 
Arviat Clyde 
River 
Resolute 
Bay 
 Boreogadus 
saida 
 Mallotus 
villosus 
Ammodytes 
spp. 
Myoxocephalus 
spp. 
Cottuncullus 
microps 
Myoxocephalus 
spp. 
Pandalus 
borealis 
Gammarus 
oceanicus 
Themisto 
libellula 
Gammarus 
setosus 
ΣPCB 1.22 
(0.72-1.80) 
1.97 
(1.08-2.52) 
2.30 
(1.76-3.36) 
1.60 
(1.20-1.97) 
1.63 
(0.64-2.99) 
1.07 
(0.53-1.55) 
2.60 
(0.86-5.35) 
0.71 
(0.55-0.84) 
3.82 3.85 1.43 
(1.00-1.87) 
Dieldrin 0.27 
(0.14-0.41) 
0.41 
(0.18-0.78) 
0.69 
(0.30-0.98) 
0.24 
(0.21-0.29) 
0.15 
(0.07-0.29) 
0.05 
(0.01-0.10) 
0.39 
(0.16-0.63) 
0.22 
(0.15-0.30) 
0.55 1.76 0.40 
(0.38-0.43) 
Mirex 0.01 
(0.00-0.01) 
0.01 
(0.00-0.01) 
0.03 
(0.02-0.05) 
0.02 
(0.01-0.03) 
0.02 
(0.01-0.04) 
0.02 
(0.01-0.03) 
0.02 
(0.01-0.07) 
0.02 
(0.02-0.02) 
0.01 0.02 0.01 
(0.01-0.01) 
ΣHCH 0.20 
(0.08-0.37) 
0.39 
(0.23-0.52) 
0.22 
(0.12-0.48) 
0.18 
(0.11-0.23) 
0.12 
(0.07-0.21) 
0.19 
(0.03-0.37) 
0.21 
(0.11-0.29) 
0.10 
(0.06-0.13) 
0.11 1.68 0.44 
(0.24-0.63) 
ΣClBz 1.01 
(0.75-1.34) 
1.14 
(0.73-1.48) 
0.86 
(0.66-1.41) 
0.61 
(0.55-0.65) 
0.32 
(0.13-0.44) 
0.18 
(0.10-0.25) 
0.79 
(0.40-1.13) 
1.28 
(0.81-1.72) 
0.35 2.89 0.95 
(0.89-1.01) 
ΣDDT 0.18 
(0.07-0.54) 
0.24 
(0.12-0.44) 
0.56  
(0.41-0.86) 
0.32 
(0.19-0.40) 
0.79 
(0.10-1.87) 
0.35 
(0.16-0.71) 
1.55 
(0.26-4.03) 
0.06 
(0.03-0.08) 
0.79 0.99 0.34 
(0.19-0.48) 
OCS 0.01 
(0.00-0.01) 
0.01 
(0.00-0.01) 
0.03 
(0.02-0.05) 
0.01 
(0.01-0.03) 
0.01 
(0.01-0.01) 
0.01 
(0.00-0.01) 
0.01 
(0.01-0.02) 
0.01 
(0.00-0.01) 
0.01 0.03 0.03 
(0.02-0.03) 
ΣCHL 0.56 
(0.20-0.97) 
1.02 
(0.49-1.63) 
1.73 
(1.32-2.97) 
0.99 
(0.58-1.28) 
1.07 
(0.26-2.37) 
0.09 
(0.05-0.15) 
1.81 
(0.84-3.21) 
0.48 
(0.38-0.70) 
3.15 3.42 1.29 
(1.17-1.42) 
ΣOC 2.24 
(1.49-3.22) 
3.22 
(2.10-4.87) 
4.11 
(3.56-6.70) 
2.37 
(1.80-2.70) 
2.48 
(0.84-5.17) 
0.88 
(0.40-1.49) 
4.78 
(1.79-8.57) 
2.16 
(1.46-2.56) 
4.96 10.8 3.45 
(3.02-3.88) 
Contaminants represented are Σ40polychlorinated biphenyl (ΣPCB), Σhexachlorocyclohexanes (ΣHCH), Σchlorobenzenes (ΣClBz), 
Σdichlorodiphenyltrichloroethanes (ΣDDT), octachlorostyrene (OCS), Σchlordanes (ΣCHL), Σorganochlorinated pesticides (ΣOC) and 
Σ19polybrominated diphenyl ether (ΣPBDE). 
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Limited effects of changing prey fish communities on food quality for aquatic predators in the eastern 
Canadian Arctic in terms of essential fatty acids, methylmercury and selenium2 
 
Abstract  
We determined concentrations of eicosapentaenoic and docosahexaenoic acids (EPA+DHA), 
Σomega-3, polyunsaturated fatty acids (ΣPUFA), selenium, methylmercury, and selenium:methylmercury 
(Se:Hg) ratios in native and northward-redistributing sub-Arctic marine fish and invertebrates from low, 
mid-, and high Canadian Arctic latitudes. There was no clear latitudinal trend in nutrient or contaminant 
concentrations. Among species, EPA+DHA concentrations in native Arctic cod (Boreogadus saida) were 
similar to concentrations in sub-Arctic capelin (Mallotus villosus) and sand lance (Ammodytes spp.) (444-
658 mg.100 g-1), and higher than in most other species. Concentrations of EPA+DHA were related to lipid 
content, but to a greater extent for higher trophic position species (R2 = 0.83) than for species at lower 
trophic positions (R2 = 0.61). Selenium concentrations were higher in sand lance (1.15 ± 0.16 µg g-1) than 
in all other species (0.30-0.69 µg g-1), which was significantly, but weakly, explained by more pelagic 
feeding in sand lance. Methylmercury concentrations were similar (and Se:Hg ratios were higher) in 
capelin, sand lance, and Arctic cod (0.01-0.03 µg g-1 wet weight (ww)) and lower than in other prey (0.12-
0.26 µg g-1 ww), which was significantly explained by the smaller size of these species and more pelagic 
feeding habits than other fish. These results suggested that a shift in prey fish composition from Arctic 
cod to capelin and/or sand lance is unlikely to reduce the food quality of the prey available to marine 
predators at least with respect to concentrations of essential fatty acids, selenium, and Se:Hg ratios. 
 
                                                     
2 This chapter was published in Chemosphere and can be accessed at 
https://doi.org/10.1016/j.chemosphere.2018.09.167. Pedro, S., Fisk, A.T., Ferguson, S.H., Hussey, N.E., Kessel, 
S.T., McKinney, M.A., 2019. Limited effects of changing prey fish communities on food quality for aquatic 
piscivores in the eastern Canadian Arctic. Chemosphere 214, 855–865.  
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Introduction 
Climate change is driving changes in the distribution and abundance of marine species across the 
globe (Pecl et al., 2017). In northern marine systems, where sea temperature rise and sea ice loss are 
double the global average, the rate of shifts in habitat range may average up to four times faster than in 
other oceans (Fossheim et al., 2015; Laidre et al., 2015). As the summer sea ice extent continues to 
decrease, sub-Arctic prey species are moving into Arctic regions (Fossheim et al., 2015; Higdon et al., 
2014). Yet, little is known about the effects of these movements on food quality for Arctic marine 
predators eating this new prey. 
The occurrence of capelin (Mallotus villosus) in Canadian Arctic waters is a primary example of 
the northward range expansion of sub-Arctic species. The abundance of this migratory sub-Arctic fish 
appears to have increased in the Canadian Arctic since the 1980s, concurrent with an apparent decrease in 
the availability of the keystone Arctic prey fish, Arctic cod (Boreogadus saida) (Chambellant et al., 2013; 
Provencher et al., 2012). This change in species occurrence and abundance has led to a shift in major prey 
consumed by Arctic predators, from Arctic cod to capelin and/or other available fish, including sand lance 
(Ammodytes spp.). This shift in prey consumption has occurred in low to mid-latitude regions of the 
eastern Canadian Arctic, including Hudson Bay and Cumberland Sound (Chambellant et al., 2013; 
Gaston and Elliott, 2014; Gaston et al., 2003; Marcoux et al., 2012; Provencher et al., 2012; Yurkowski et 
al., 2016b). In high Arctic regions, such as Lancaster Sound, where summer sea ice reductions are 10 to 
30 % lower compared to lower regions (Comiso et al., 2008), Arctic cod is still the predominant prey in 
seabird and marine mammal diets (Matley et al., 2013, 2012; Provencher et al., 2012; Yurkowski et al., 
2016b, 2016a).  
Changes in the composition of Arctic prey fish communities may lead to bottom-up effects on 
Arctic predators, through changes in food quality (e.g. nutrient and contaminant levels) of the modified 
prey base. For instance, organic contaminants, including polychlorinated biphenyls, were reported to be 
up to two times higher in capelin compared to Arctic cod, particularly proportions of less volatile 
contaminants (Pedro et al., 2017b). Thus, capelin could be carrying contaminants into Arctic marine food 
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webs during seasonal migrations, especially the less volatile contaminants, which tend to be found at 
higher levels at lower latitudes (McKinney et al. 2012; Morris et al. 2016; Pedro et al. 2017, although see 
Braune et al. 2014). In terms of nutrient content of Arctic cod relative to its ‘replacement’ species, much 
less is known. Arctic organisms tend to store large amounts of energy-rich lipids, such as long-chain 
polyunsaturated fatty acids, to survive periods of reduced food availability in the winter. Conversely, sub-
Arctic organisms, which can feed more continuously, do not typically have such a requirement (Kattner et 
al., 2007). Arctic cod is thought to be one of the most energy-rich prey species in the Arctic (Harter et al., 
2013). Moreover, it has been estimated that capelin and sand lance have a lower energy content than 
Arctic cod on a per fish basis (21.2 kJ g-1 dry weight (dw) and 20.1 kJ g-1 dw, respectively relative to 24.2 
kJ g-1 dw in Arctic cod; Weslawski et al. 1994; Hop and Gjøsaeter 2013).  
Fish are important dietary sources of nutrients, including essential fatty acids and selenium, to 
marine predators (Laird et al., 2013; Tocher, 2017). Long-chain polyunsaturated omega-3 fatty acids, 
including eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) play an important role in 
development and structure of cell membranes (Swanson et al. 2012; Tocher 2017). Because most aquatic 
animals are not capable of synthesizing EPA and DHA to any significant extent, these are often 
considered to be essential fatty acids (Tocher, 2017). Selenium plays a key role in various enzymes, and 
selenoproteins (e.g. glutathione peroxidase and selenoprotein P) can bind to methylmercury, possibly 
acting to reduce its bioavailability in organisms (Khan and Wang, 2009; Ralston and Raymond, 2010). 
Mercury is a non-essential metal and its most toxic form, methylmercury, can bioaccumulate and 
biomagnify in food webs, exposing top predators to higher risks of neurodevelopmental and other 
toxicological effects (Desforges et al., 2016; Dietz et al., 2013). Although the exact mechanisms by which 
selenium interacts with methylmercury are not fully understood, measuring both selenium and 
methylmercury levels is important to evaluate potential toxicity of both, as selenium can also be toxic 
above certain levels (Burger et al., 2013; Lemly, 2002; Ralston and Raymond, 2010). Currently, there are 
only a few studies reporting levels of essential fatty acids in prey fish and invertebrates, and none on 
Arctic marine fish to our knowledge. More information on essential fatty acids and selenium levels in the 
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Arctic prey base, as well as the intrinsic and extrinsic factors that shape variation among species, is 
needed to evaluate the possible mechanisms by which prey fish redistribution may influence the fitness 
and health of marine mammals, predatory fish and seabirds within Arctic marine food webs.  
To address this knowledge gap on the effects of a shift in prey composition on Arctic predators, 
we previously evaluated the levels of various organic contaminants and total mercury in eight important 
native prey species, and two sub-Arctic fish, in the eastern Canadian Arctic (Pedro et al., 2017b). In the 
current study, we quantify important aspects of the food quality of these previously analyzed species by 
comparing their 1) concentrations of EPA+DHA, total polyunsaturated fatty acids (ΣPUFA), and 
Σomega-3s; 2) concentrations of selenium and methylmercury; 3) selenium to methylmercury ratios; and 
4) evaluate the intrinsic (fish weight and length) and extrinsic factors (fish trophic position and carbon 
source, as indicated by nitrogen and carbon stable isotope ratios, respectively) shaping the nutritional 
composition among and within species. We further examined the relationships among nutrients and 
methylmercury, as the health benefits of eating fish have been suggested to outweigh the potential risks 
posed by methylmercury exposure (Laird et al., 2013). Comparisons of food quality are primarily focused 
on Arctic cod and its ‘replacement’ species, capelin and sand lance. Coupled with previously reported 
results on contaminant levels, the overall aim is to provide a more holistic understanding of the potential 
implications of climate-induced redistributions of prey species on the health of Arctic marine predators. 
 
Methods 
Sampling 
A total of 125 prey fish and invertebrate samples were collected at three locations in the Canadian 
Arctic ranging from low to high latitudes, near Arviat (low Arctic, 61o N, 94o W), Clyde River (mid-
Arctic, 70o N, 69o W), and Resolute Bay (high Arctic, 75o N, 95o W), Nunavut, Canada (Figure 2.1; Table 
A2.1; adapted from Pedro et al. 2017). All sampling occurred during the summer between 2012 and 2014. 
As described in Pedro et al. (2017), fish species important as food sources for Arctic predators were 
collected near Arviat, including capelin (n = 11), sand lance (n = 13), sculpin (Myoxocephalus spp., n = 
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10) and amphipods (Gammarus oceanicus, 1 pool); near Clyde River prey collected included Arctic cod 
(n = 20), sculpin (Cottuncullus microps, n = 10), northern shrimp (Pandalus borealis; n = 10) and 
amphipods (Themisto libellula, 1 pool); and near Resolute Bay prey collected included Arctic cod (n = 
20), amphipods (Gammarus setosus, 2 pools) and sculpin (Myoxocephalus spp, n = 10). Additionally, 
anadromous cisco (Coregonus artedi, n = 5) (Morin et al., 1981) and Greenland cod (Gadus ogac, n = 10) 
were collected near Arviat and were included in this study to have a better representation of the food web. 
We were unable to collect samples of all target species at each location despite repeated attempts across 
multiple field seasons. Following sampling and shipment to the laboratory, all samples were kept at -80 
°C until the time of analyses. Fish and shrimp muscle tissues, and whole amphipods, were homogenized 
prior to chemical analysis.  
 
Fatty acids analysis 
Fatty acid analysis was performed in the McKinney Lab at the Center for Environmental Sciences 
and Engineering (CESE) in the University of Connecticut (Storrs, CT, USA). The fatty acid extraction 
method used was modified from Folch et al. (1957). Lipid was extracted from 1.5 g subsamples of 
homogenized tissue using a solution of 2:1 chloroform:methanol containing 0.01 % butylated 
hydroxytoluene (BHT; v/v/w) to inhibit oxidation, with 0.88 % sodium chloride in deionized water, and 
then filtered through with anhydrous sodium sulfate. After evaporation under nitrogen, lipid content was 
determined gravimetrically. Fatty acids were trans-esterified to their fatty acid methyl ester (FAME) 
analogues using 0.5 N sulfuric acid in methanol on a heat block at 100 °C for 1 h. Subsequently, the fatty 
acid methyl esters were isolated, brought to a final volume of 50 mg mL-1 and analyzed on a Perkin Elmer 
Clarus® 580 gas chromatograph with a flame ionization detector (GC-FID) on a DB-23 column (30 m, 
0.25 mm internal diameter, 0.25 µm film thickness; Agilent Technologies, Palo Alto, CA, USA). A total 
of 69 individual saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and PUFA, were 
quantified. Fatty acids were quantified as mass percent (%) of total fatty acid methyl esters (FAME). The 
nomenclature used was A:BnX, for which A indicates carbon chain length, B indicates the number of 
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double bonds, and X indicates the position of the first double bond counting from the methyl end (n) of 
the carbon chain.  
Quality control included the analysis of instrumental blanks, as well as analysis of a FAME 
standard mixture (GLC-68B, Nu-Chek Prep, Inc., Elysian, MN, USA) run with each batch of samples. 
Duplicate fish and invertebrate samples were also extracted and analyzed for all samples for which 
sufficient mass was available (41 %). Accuracy was reported as relative error of our repeated 
measurement of GLC-68B (n = 6) from the documented values, and the averages were within 4.6 ± 0.4 %. 
The limit of quantification, calculated as 10 times the signal to noise ratio, was 0.1 %. The relative 
percent difference of duplicates for EPA+DHA (20:5n3+22:6n3), Σomega-3 (sum of 16:4n3, 18:3n3, 
18:4n3, 20:3n3, 20:4n3, 20:5n3, 21:5n3, 22:4n3, 22:5n3 and 22:6n3) and ΣPUFA (sum of 16:2n6, 16:2n4, 
16:3n6, 16:3n4, 16:4n3, 16:4n1, 18:2d5,11, 18:2n7, 18:2n6, 18:2n4, 18:3n6, 18:3n4, 18:3n3, 18:3n1, 
18:4n3, 18:4n1, 20:2n9, 20:2n6, 20:3n6, 20:4n6, 20:3n3, 20:4n3, 20:5n3, 22:2n6, 21:5n3, 22:4n6, 22:5n6, 
22:4n3, 22:5n3 and 22:6n3) ranged between 0 and 18 %, 1 and 29 %, and 2 and 25 %, respectively.  
 
Methylmercury analysis 
Methylmercury analysis was performed in the Metals Laboratory at CESE. Aliquots of 
homogenized wet tissue (0.07 to 0.10 g) were digested with a 25 % potassium hydroxide in methanol 
solution at 70 °C for 3 h. The digested samples were subject to distillation, aqueous ethylation, purge and 
trap in 1:2:1 sample:sodium acetate:sodium tetraethyl borate, and then methylmercury was quantified 
using cold-vapor atomic fluorescence spectroscopy (adapted from EPA 1630; Environmental Protection 
Agency, 1998a).  
A calibration curve was run with each batch using a methylmercury stock solution at 5, 10, 25, 
100 and 500 ng mL-1. Calibration blanks were analyzed every ten samples. The standard reference 
material NIST 1946 (NIST, Lake Superior fish tissue), laboratory control samples, duplicates, and 
preparation blanks were run with every batch of 20 samples. Moisture content of these samples was 
determined and described previously (Pedro et al., 2017b). Recoveries of the standard reference material 
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NIST 1946 (n = 15) averaged 94 ± 11 %. All blanks were below the limit of detection of 0.006 µg g-1. 
The relative percent difference of duplicate samples was between 7 and 12 %, and the recoveries of 
matrix spikes averaged 84 % (range: 53 to 110 %). 
 
Selenium analysis 
Selenium analysis was performed in the Metals Laboratory at CESE. Subsamples of 0.5 g of 
homogenized tissues were digested in capped polypropylene tubes with 5 mL of concentrated trace metal-
grade nitric acid in a hot block for 4 h at 95 ºC. After cooling down, 2 mL of deionized water and 3 mL of 
trace metal-grade hydrogen peroxide were added to the samples, which were then re-heated until 
effervescence settled down. At a final volume of 50 mL deionized water, the samples were analyzed on a 
Perkin Elmer DRC-e inductive coupled plasma-mass spectrometer, adapted from the method EPA 6020A 
(Environmental Protection Agency, 1998b).  
Calibration blanks were run every ten samples, and duplicates, method blanks, post-digestion 
spiked samples, laboratory control samples, and standard reference materials DORM-3 (NRCC, fish 
protein) and DOLT-4 (NRCC, dog-fish liver) were analyzed with every batch of 20 samples. The 
recoveries for the standard reference materials were 117 ± 8 % for DORM-3 (n = 5) and 102 ± 5 % for 
DOLT-4 (n = 5). All blanks analyzed were below the detection limit of 0.028 µg g-1. The recoveries of 
matrix spikes ranged from 98 and 104 %, and the relative percent difference of duplicate samples was 
between 4 and 37 %.  
 
Selenium:Methylmercury molar ratios 
The selenium:methylmercury (Se:Hg) ratios were calculated based on selenium and 
methylmercury concentrations and their molecular weights, following the equation below (Looi et al., 
2016):  
[Se] g kg-1
78.90 g mol-1
÷
[MeHg] g kg-1
215.59 g mol-1
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Ratios above 1 are considered to indicate no effect of methylmercury toxicity (Ralston and 
Raymond, 2010). 
 
Stable isotopes analysis 
Analyses of nitrogen and carbon stable isotopes for the fish and invertebrates in this study were 
previously described and reported in Pedro et al. (2017). Briefly, after lipid extraction an aliquot of 400-
600 µg was combusted in an elemental analyzer and isotope ratios were quantified using a coupled Delta 
V Advantage isotope ratio mass spectrometer (Thermo Scientific, Waltham, MA, USA) at the Chemical 
Tracers Laboratory, University of Windsor (Windsor, ON, Canada). Reference materials NIST-1577c, 
internal laboratory standard (tilapia muscle), USGS 40, and urea were run with every batch. Instrumental 
accuracy was tested based on repeated runs of NIST 8573, 8547, and 8574 for δ15N and 8542, 8573, and 
8574 for δ13C. The results for USGS 40 (n = 7) averaged 0.04 ‰ for δ15N and 0.07 ‰ for δ13C within the 
reference values (calculated as relative error). Instrumental accuracies of NIST-8573, 8547 and 8574 were 
within 0.07, 0.14, and 0.19 ‰ for δ15N, respectively and NIST-8542, 8573, and 8574 were within 0.04, 
0.06, and 0.07 ‰ for δ13C, respectively.  
The δ15N and δ13C values were used to calculate trophic position (TP) and relative carbon sources, 
respectively, as detailed in Pedro et al. (2017). Briefly, TPs were calculated relative to amphipods per 
region, assuming a trophic position of 2.5 for gammarids and Themisto spp. (Clayden et al., 2015; Fisk et 
al., 2003; Foster et al., 2012) and a constant trophic enrichment factor of 3.8 ‰ (Hobson and Welch, 
1992):  
 
TP = 2.5 + (δ15Nfish or shrimp – δ15Namphipod)/ 3.8 ‰ 
 
Carbon source was calculated relative to sculpin, given the predominant benthic feeding habits of 
Cottidae (Giraldo et al., 2016). More pelagic feeding habits are indicated by a carbon source > 1, while 
more benthic feeding habits are < 1 (modified from Fisk et al., 2003): 
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Relative carbon source = δ13Cfish or shrimp/δ13Csculpin 
 
Statistical analysis 
Prior to analysis, concentrations of EPA+DHA, Σomega-3 and ΣPUFA (all calculated as mg of 
fatty acid per 100 g of sample), as well as selenium concentrations (μg g-1) and Se:Hg ratios, were tested 
for normality. In general, fatty acids followed normal distributions, whereas selenium concentrations and 
Se:Hg ratios were natural log-transformed to meet normality requirements of linear models. The results 
were inspected for outliers and one extreme value for lipid content was removed, based on a cut-off for 
Cook’s distances of three times the average lipid content (Kutner et al., 2005). Amphipods were not 
included in statistical analysis due to the low sample size. Given that it was not possible to collect all 
species at each location, we considered species/latitude as a single variable. Hereafter, we refer to this 
variable just as species to avoid confusion. We used linear models (one-way analysis of variance) to 
compare concentrations of fatty acids, selenium and Se:Hg ratios among species, with species as the 
independent variable and fatty acid, selenium concentrations or Se:Hg ratios, as the dependent variable, 
followed by post-hoc Tukey’s honestly significant difference tests.  
We tested the effects of intrinsic (fish length, weight, and lipid content) and extrinsic factors (fish 
trophic position, and relative carbon source; Table A2.2) on variation in nutrient concentrations (essential 
fatty acids and selenium) and Se:Hg ratios, both among and within species. To test for among species 
variation we used mixed-effects models. We considered fish length and weight due to potential variation 
of fatty acids concentrations with these variables associated with dietary changes at different life stages 
(Pekkoeva et al., 2017). Further, length has previously been shown to be associated with bioaccumulation 
of total mercury (Pedro et al., 2017b). Fatty acids have been previously positively associated with lipid 
content, as these nutrients are a substantial component of lipids (Kainz et al., 2017). We considered 
trophic position in the analyses to test for biomagnification of methylmercury, as well as potential transfer 
of nutrients from lower to upper trophic levels. Carbon source was included to evaluate variation of 
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nutrients and methylmercury concentrations in prey species between pelagic and benthic habitats, as well 
as to test for different availability of selenium in the marine sediment (Burger et al., 2001; Mehdi et al., 
2013). Seasonal variation in methylmercury and fatty acids in aquatic species (Lau et al., 2012; Muir et 
al., 1999) could be confounding variable, however, our samples were collected in a single season. All the 
biological and ecological variables were considered to test for variation in concentrations of both nutrients 
and methylmercury for consistency. The variables followed a normal distribution (or log-transformed 
normal) when considering all samples together. However, we used a Spearman’s rank correlation matrix 
to test for correlations among variables before inclusion in the mixed effects models, to minimize 
multicollinearity. Of the intrinsic and extrinsic factors, weight and length were significantly correlated (Rs 
= 0.91, p < 0.001). Length, and not weight, was included in the models due to the previously reported 
relationship with total mercury (Pedro et al., 2017b). Trophic position and lipid content were also 
significantly correlated (Rs = - 0.54, p < 0.001); however, these variables did not show multicollinearity in 
the models, as indicated by variance inflation factors lower than a cut-off of two. A step-wise model 
selection was performed for EPA+DHA, Σomega-3, ΣPUFA, selenium, and Se:Hg with lipid content, 
trophic position, fish length, relative carbon source, as well as first-order interactions as fixed effects, and 
species as a random effect, within the package nlme (Pinheiro et al., 2015). The best relative fit model 
was evaluated based on the lowest Akaike information criterion for small sample sizes (AICc) within the 
package AICcmodgav (Mazerolle, 2017). The best fit model was inspected for normality of residuals and 
homoscedasticity. In addition to amphipods, northern shrimp was also not included in the model due to 
imprecise length measurements. Within-species effects of intrinsic and extrinsic factors were assessed 
using Kendall–Theil Sen Siegel nonparametric linear regression within the package mblm (Komsta, 
2013). Results for within-species variation were included in the Supplementary Material (Section 1. 
Within-species variation; Figure A2.1). 
We tested for correlations between nutrient concentrations and methylmercury levels using 
Spearman’s correlations, among and within species. This nonparametric approach was used because the 
data did not follow a normal distribution and could not be normalized for individual species using 
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standard transformations (e.g. logarithm, square root transformations). All statistical analyses were 
performed using R software version 3.4.0 (R Core Team, 2018). Statistical significance was considered at 
p < 0.05.  
 
Results  
Essential fatty acids in Arctic prey fish and invertebrate species  
We found significant differences among species in concentrations of EPA+DHA (F9,102 = 9.3, p < 
0.001), Σomega-3 (F9,102 = 8.9, p < 0.001), and ΣPUFA (F9,102 = 7.2, p < 0.001). The average EPA+DHA 
concentrations were similar among Arctic cod, capelin, cisco, sand lance, and northern shrimp, but 
appeared to be lower in Greenland cod, while concentrations in sculpin were variable depending on 
collection location/latitude (Table A2.3, Figure 2.2a). Although not statistically tested, amphipods in the 
mid-Arctic showed high concentrations of EPA+DHA (Table A2.3) relative to amphipods in low and 
high Arctic, a trend similar to that of Greenland cod and other fish, respectively. However, comparisons 
among species are complicated by the fact that not all species could be sampled at the three latitudinal 
locations. Variation among species for Σomega-3 and ΣPUFA followed a similar pattern compared to that 
of EPA+DHA (Table A2.3, Figure 2.2b and 2.2c). Capelin, sand lance, and Arctic cod showed the highest 
levels of EPA+DHA, Σomega-3 and ΣPUFA, but these concentrations were similar among the three 
species (Tukey’s HSD: p ~ 1.0; Figure 2.2).  
Comparing among locations, there were no significant differences in these nutrients between 
Arctic cod sampled from the mid- and high Arctic (Tukey’s HSD: p > 0.98), while sculpin from the high 
Arctic had higher concentrations of EPA+DHA, Σomega-3, and ΣPUFA than those from the mid-Arctic 
(Tukey’s HSD: p <0.01; Figure 2.2). 
Results from the linear mixed-models indicated that concentrations of EPA+DHA, Σomega-3, 
and ΣPUFA were strongly positively related with fish lipid content among species (Table 2.1, Figure 
2.3a), and there was a significant interaction between this variable and trophic position. That is, levels of 
EPA+DHA, Σomega-3 and ΣPUFA in all species with trophic positions > 3.5 (Greenland cod and sculpin 
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in the low and mid-Arctic, capelin and sand lance) were more strongly predicted by lipid content (R2 = 
0.83) compared to species occupying a lower trophic position (Arctic cod, cisco and sculpin in the high 
Arctic, R2 = 0.61; Figure A2.2). Although not significant, trophic position was also included in the best 
fitting models as a main effect, with higher trophic level species showing relatively lower levels of 
EPA+DHA, Σomega-3, or ΣPUFA concentrations. Similarly, carbon source, based on δ13C, its interaction 
with lipid content, and length did not significantly influence essential fatty acid levels, but these 
parameters were included in the best fitting models.  
Given the strong relationship with lipid content observed, we additionally tested for the 
relationship of lipid content with the proportions of EPA+DHA, Σomega-3 and ΣPUFA. The proportions 
of these fatty acids were negatively related to lipid content (R2 = 0.32; p < 0.001), i.e. fish with lower lipid 
content had higher proportions of the essential fatty acids.  
 
Selenium and Se:Hg ratios in Arctic prey fish and invertebrate species  
We found significant variation in concentrations of selenium (F9,105 = 17.7, p < 0.001) and 
methylmercury (F9,105 = 73.5, p < 0.001), as well as Se:Hg ratios (F9,105 = 61.6, p < 0.001) among species 
(Figure 2.4). Sand lance showed selenium concentrations averaging two or more times higher than most 
other species (Table A2.3; Figure 2.4a; Tukey’s HSD: all p < 0.001). Cisco showed the lowest 
concentrations (Tukey’s HSD: all p < 0.01, except for p = 0.39 compared to Greenland cod and p = 0.13 
compared to Arctic cod from the mid-Arctic). Additionally, sculpin in the low and mid-Arctic had higher 
selenium concentrations than Arctic cod in the mid-Arctic and Greenland cod (Tukey’s HSD: both p < 
0.01), and the latter also had lower concentrations compared to Arctic cod in the high Arctic (Tukey’s 
HSD: p = 0.02). Selenium concentrations in amphipods were more elevated compared to most species, 
except for sand lance, although low sample size prevented statistical evaluation (Table A2.3). It is 
important to note, however, that ~ 50 % of the sand lance sampled showed these high levels, while the 
remaining individuals showed selenium levels within the range of the other species analyzed. Although 
sand lance was analyzed for selenium in two separate batches, both higher and lower levels were found in 
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individuals from both batches, indicating that these differences are biological rather than analytical. As 
for the fatty acid concentrations, selenium and Se:Hg ratios were higher in capelin, sand lance and Arctic 
cod compared to all other species analyzed. Selenium levels were higher in sand lance compared to Arctic 
cod (Tukey’s HSD: p < 0.001), although comparable between capelin and Arctic cod (p = 0.97). Ratios of 
Se:Hg were two to four times higher in sand lance and capelin compared to Arctic cod (p < 0.01), driven 
in part by lower methylmercury levels, at least in capelin (p < 0.001). Among regions, selenium 
concentrations did not vary for sculpin, while Arctic cod from the high Arctic showed higher 
concentrations compared to cod from the mid-Arctic (Tukey’s HSD: p = 0.01).  
Concentrations of selenium varied significantly with carbon source (Table 2.1; Figure 2.5a), but 
not with lipid content, fish length, or trophic position. Yet, when sand lance was removed from the 
analysis, carbon source was no longer significant. This lack of significance indicates that the high 
concentrations of selenium in some individuals were driving the difference, rather than more general 
variation between pelagic and benthic species (Figure A2.1c).   
The Se:Hg ratios were above 1 for all species, averaging 39 in fish and northern shrimp (Table 
A2.3; Figure 2.4c). Capelin and sand lance showed the highest Se:Hg ratios, with averages two to three 
times higher than in Arctic cod in the mid- and high Arctic (Tukey’s HSD: p < 0.001) and were an order 
of magnitude higher than sculpin, northern shrimp, Greenland cod, and cisco (Tukey’s HSD: all p < 
0.001). Amphipods showed high Se:Hg ratios, especially in the high Arctic. Ratios of Se:Hg did not differ 
significantly among locations, at least based on the results for Arctic cod and sculpin (Tukey’s HSD: all p 
> 0.08).  
The Se:Hg ratios increased with lipid content, fish length and carbon source, i.e., larger, more 
pelagic fish tended to have greater selenium relative to methylmercury levels than smaller, more benthic 
fish (Table 2.1; Figure 2.5b and 2.5c). Variation in Se:Hg ratios among species may be mostly driven by 
methylmercury. Similarly to the case for Se:Hg ratios, fish length had a strong effect on methylmercury 
levels among species, while the carbon source effect on selenium levels was mostly driven by sand lance.  
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Correlations between methylmercury and nutrients 
Methylmercury concentrations were negatively correlated with concentrations of EPA+DHA (Rs 
= - 0.51, p < 0.001), Σomega-3 (Rs = - 0.50, p = 0.001), and ΣPUFA (Rs = - 0.46, p = 0.001) in fish muscle 
tissues when considering all species together. Conversely, concentrations of selenium and methylmercury 
(and total mercury) were not significantly correlated in fish muscle tissues (methylmercury: Rs = - 0.07, p 
= 0.45; total mercury: Rs = - 0.07, p = 0.45).  
 
Discussion 
Essential fatty acids in Arctic prey fish and invertebrate species  
Only one previous study measured levels of essential fatty acids in Arctic fish species, which 
included freshwater fish from three lakes in the Dehcho region, Canadian Arctic (Reyes et al., 2016). 
Compared to this previous study, marine prey fish here generally had higher levels of EPA+DHA, 
Σomega-3 and ΣPUFA, except compared to lake trout (Salvelinus namaycush; Reyes et al. 2016). 
Similarly, levels of EPA+DHA in freshwater cisco (Coreoganus clupeaformis; Reyes et al. 2016) were 
less than half the levels measured in anadromous cisco collected near Arviat in the current study. In 
addition to interspecific variation, it is possible that these results relate to variation in fatty acid 
requirements between marine and freshwater environments (Tocher, 2010). Previous studies have 
suggested that proper development in marine fish requires dietary intake of long-chain EPA and DHA, 
while freshwater/diadromous fish can satisfy their nutritional requirements with C18 PUFA (Tocher, 
2010). 
Concentrations of essential fatty acid did not appear to show a clear latitudinal gradient, despite 
the higher concentrations of EPA+DHA, Σomega-3, and ΣPUFA measured in sculpin in the high Arctic 
compared to the mid-Arctic. This variation in fatty acid content between sculpins was likely partially 
related to variation in lipid content and feeding behavior among the different species of sculpin that were 
collected (Giraldo et al., 2016), also supported by the inclusion of carbon source in the models (see 
below). Sculpins are benthic generalist feeders, showing high within and among species variation in diet, 
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which could have influenced levels of essential fatty acids (Brewster et al., 2016; Giraldo et al., 2016). 
Similarly, apparently higher concentrations of essential fatty acids in Themisto libellula in the mid-Arctic 
compared to gammarids in low and high Arctic regions were likely related to variation in diet among 
species. The predatory amphipod T. libellula feeds on lipid-rich calanoid copepods (PUFA of 42.08 ± 
1.74 % dw in harpacticoid copepods; Scott et al. 2002; Budge et al. 2008), while gammarids feed on ice 
algae (PUFA in Navicula spp. of 18.48 ± 5.20 % dw; Goecker and Kåll 2003; Budge et al. 2008). 
Results from the linear mixed-models supported the importance of lipid content and trophic 
position in explaining fatty acid concentrations. Similar results were found for a fish community from a 
subalpine lake in Austria (Kainz et al., 2017), i.e., total lipids predicted ΣPUFA mass fractions for all 
species studied, but the relationship was stronger for higher trophic level organisms. The strong 
relationship of lipid content with fatty acid proportions further supports the importance of lipids. Higher 
proportions of essential fatty acids in fish with lower lipid content could indicate these fish need a larger 
fraction of their limited lipids as essential fatty acids compared to fatter fish, to meet physiological 
requirements. In general, higher lipid content and higher proportions of essential fatty acids were found in 
zooplankton compared to plankton and higher trophic levels, including seabirds and seals (Budge et al., 
2008). Previous studies have suggested an increase in PUFAs with trophic position from seston to 
herbivorous cladocerans and omnivorous copepods (Budge et al., 2008; Persson and Vrede, 2006). This 
increase in PUFAs may be related to a greater capacity of zooplankton to modify and biosynthesize fatty 
acids relative to seston, as well as selective retention for storage among taxa (Budge et al., 2008; Persson 
and Vrede, 2006). Similarly, lower trophic position fish feeding directly on lipid-rich copepods may to 
some extent be able to adjust and/or modify their levels of PUFAs, independent of lipid content (Kainz et 
al., 2017). At upper trophic positions, fatty acid levels seemed to be more regulated by dietary sources, as 
evidenced by the stronger association of fatty acid concentrations with total lipids for higher trophic level 
species in this study. A more thorough sampling of the Arctic food-web including a larger number of 
species spanning all trophic levels is required to further test this hypothesis. 
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The inclusion of carbon source in the models suggests some level of enrichment in essential fatty 
acids in more pelagic relative to more benthic organisms. Benthic algae have a lower percentage of long-
chain PUFA compared to pelagic algae (Taipale et al., 2013), likely contributing to the higher reserves of 
essential fatty acids found in pelagic zooplankton relative to benthic organisms (Graeve et al., 1997). 
Variation among sculpin species may be related to the plasticity in diet characteristic of these genera, i.e., 
some individuals may include larger proportions of pelagic-derived sources, either through direct or 
indirect consumption of copepods, in their diet (e.g. amphipods, bivalves; Giraldo et al. 2016).  
 
Selenium and Se:Hg ratios in Arctic prey fish and invertebrate species  
Overall, differences among species were likely related to taxa-specific regulation of selenium. For 
example, the high selenium levels in some sand lance compared to other fish could be due to temporary 
up-regulation of selenoproteins to meet physiological needs (Ralston and Raymond, 2010). Regardless, 
selenium concentrations in these species were below those observed to cause teratogenic deformities in 
other fish and, although there are no advised thresholds for marine predators, selenium concentrations 
here were below the 8.5 μg g-1 dw threshold advised for human consumption by the US Environmental 
Protection Agency (Lemly, 2002; U.S. Environmental Protection Agency, 2016). Selenium is an 
important structural element in selenoproteins and, once the activity of these proteins is optimized, 
organisms regulate selenium levels by excreting the excess (Burk and Hill, 2015).  
Previous studies reported higher selenium concentrations in Arctic cod in Greenland and Alaska 
(~ 0.8 μg g-1 ww in liver and 2.99 ± 0.23 ww whole fish, respectively), and shorthorn sculpin 
(Myoxocephalus scorpius) in Greenland (~ 1 μg g-1 ww; Dietz et al. 2000c) compared to our study. This 
variation, however, is more likely due to differences in the tissue analyzed rather than spatial variation, as 
here we measured selenium in muscle and in the previous study it was measured in liver or whole fish. 
Selenium is generally found at higher concentrations in liver and kidney compared to other tissues in fish 
and marine mammals (Burger, 2013; R Dietz et al., 2000a). 
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We found limited research investigating the influence of intrinsic and extrinsic factors on 
organismal selenium levels in Arctic fish. An Arctic food web study in Greenland that included seabirds 
and seals, found moderate trophic accumulation of selenium (R. Dietz et al., 2000). A lack of significant 
association of selenium concentrations with trophic position in our study may be partly related to the 
dataset only including a limited portion of the food web, i.e., invertebrates and prey fish. Alternatively, 
the non-significant relationship with fish length may indicate that selenium does not bioaccumulate. 
Together, the results from the models support a taxa-dependent homeostatic regulation of selenium in 
these Arctic prey fish (Burk and Hill, 2015). 
Molar excess of selenium relative to methylmercury, as well as high variation in Se:Hg ratios 
among species is commonly found in Arctic marine species (R Dietz et al., 2000b) and in fish species 
elsewhere (Burger et al., 2001). Although there is still debate to which Se:Hg ratios are safe, these results 
suggest that Arctic prey species have enough selenium to prevent methylmercury toxicity and still 
maintain selenium-dependent metabolic functions (Ralston and Raymond, 2010). The lower Se:Hg ratios 
in the larger sculpin from the low Arctic, and in Greenland cod and cisco, may be due to higher uptake of 
methylmercury and/or bioaccumulation compared to the smaller Arctic cod, capelin, and sand lance, 
supported by the importance of length in the models. Methylmercury is difficult to excrete and tends to 
occur at higher levels in older/larger fish due to increased feeding rates and bioaccumulation (Clayden et 
al., 2015; Sackett et al., 2013; Schneider et al., 2000). In cisco, lower Se:Hg ratios could additionally be 
related to its anadromous migration. Arctic rivers are major contributors of mercury into Arctic oceans 
(Emmerton et al., 2013; Zhang et al., 2015). Thus, cisco could pick up higher methylmercury 
concentrations when migrating upstream for spawning (Morin et al., 1981).  
 
Correlations between methylmercury and nutrients 
Negative correlations among Σomega-3 and methylmercury were previously found for predatory 
fish in the Dehcho Region of the Canadian Arctic (Reyes et al., 2016). While it is possible that a 
biological mechanism drives this association or affinity to different tissues (methylmercury binds to 
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proteins and not lipids), it is likely that the strong negative correlation between fatty acids and 
methylmercury is related to the increase in methylmercury concentrations, but a tendency for fatty acid 
concentrations to decrease (although not significantly), with fish trophic position. Thus, for marine 
predators, low trophic level fish may represent a food source of better quality, not just in terms of 
methylmercury contamination, but also considering the potential benefits of fatty acid intake. 
We did not observe a correlation between selenium and mercury probably because strong 
correlations between these molecules are more commonly found in fish and marine mammal liver and 
kidneys than in muscle (Burger et al., 2013; R Dietz et al., 2000b). The most likely mechanism proposed 
for the binding of mercury and selenium includes the formation of insoluble complexes of methylmercury 
or inorganic mercury (Hg2+) with selenoproteins (HgSe(s)), which have been found in the liver of several 
marine mammals and seabirds (Khan and Wang 2009; Ralston and Raymond 2010). The formation of 
HgSe(s) in liver explains the stronger correlations between the two elements in this tissue compared to 
muscle (R Dietz et al., 2000b). Additionally, correlations have been shown to be stronger in predators, 
such as predatory fish and marine mammals, given their higher levels of mercury. Woshner et al. (2001) 
suggested that a 1:1 molar ratio may only occur after surpassing a certain mercury threshold  needed to 
activate detoxification processes (suggested at 8 to 10 µg g-1 dw for different species; Scheuhammer et al. 
2015). 
 
Influence of a changing Arctic food web on the health of marine predators 
In sum, capelin, sand lance, and Arctic cod showed similar levels of EPA+DHA, Σomega-3, and 
ΣPUFA, while selenium levels were higher in sand lance compared to Arctic cod and capelin, likely due 
to physiological needs. Ratios of Se:Hg were higher in sand lance and capelin compared to Arctic cod 
partly due to lower mercury levels at least in capelin compared to Arctic cod. Previously, variation in total 
mercury levels (methylmercury ≈ total mercury, see Table A2.3) among these species was found to be 
influenced by the smaller size and more pelagic feeding habits of capelin compared to Arctic cod (Pedro 
et al., 2017b). In the same study, slightly elevated concentrations of PCBs and some organochlorine 
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contaminants in capelin relative to Arctic cod were also reported (Pedro et al., 2017b). Still, based on total 
mercury results reported by Pedro et al. (2017), and methylmercury and Se:Hg ratios reported in the 
current study, consumption of these sub-Arctic species relative to Arctic cod, could act to reduce risks 
posed by mercury exposure to predators. Such prey consumption shifts also do not appear to be likely to 
alter the uptake of essential fatty acids. Consequently, our results suggest that the replacement of Arctic 
cod with capelin and sand lance is unlikely to have substantial effects on the food quality of the prey base 
for Arctic predators, at least based on tissue concentrations of mercury, legacy organic contaminants, 
selenium, and essential fatty acids. Regarding human health, shifts in the prey base would only indirectly 
affect humans since capelin, sand lance and Arctic cod are consumed by ringed seals and belugas, which 
are important foods for Indigenous populations (Binnington et al., 2016). 
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Tables & Figures 
Table 2.1 Best fit linear mixed effects models of the relationship between EPA+DHA, Σomega-3 and 
ΣPUFA (mg . 100 g-1), log-transformed selenium concentrations (µg-1) and Se:Hg molar ratios, and co-
variates lipid content, fish length, trophic position (TP), relative carbon source (C) and interactions of 
these variables in fish species sampled in Nunavut, Canada from 2012-2014. Species were included as 
random effects (n = 9) in all models, with a total of 102 observations. Beta estimates of fixed effects 
included in the best top model (based on the lowest Akaike information criterion for small sample size 
(AICc)) are shown and significance was set to p < 0.05.  
 Fixed effects Estimates Random effects Marginal R2 
EPA+DHA Lipid -507*** 
Species 0.75 
 Length -12.4 
 TP -68.8 
 C -76.9 
 Lipid:TP  146*** 
 Lipid:C 222 
Omega-3 Lipid -551*** 
Species 0.79 
 Length -6.64 
 TP -84.5 
 C -83.8 
 Lipid:TP  159*** 
 Lipid:C 251 
PUFA Lipid -618*** 
Species 0.84 
 Length 0.91 
 TP -92.4 
 C -63.3 
 Lipid:TP 180*** 
 Lipid:C 286* 
Selenium C 1.49*** Species 0.17 
Methylmercurya Length 0.80*** 
Species 0.24 
 C -0.55 
Se:Hga Lipid 0.15** 
Species 0.58  Length -0.80*** 
 C 2.94*** 
*p < 0.05; **p < 0.01; *** p < 0.001 
aMethylmercury and Se:Hg had two top best fit models (within Δ AICc of 2). For MeHg, the second 
model included only Length (0.82***), with a marginal R2 of 0.27. For Se:Hg, the second best fit model 
included C (2.88***) and Length (-0.80***), with a marginal R2 of 0.51. 
 
 
 
 
  
61 
 
 
Figure 2.1 Map showing the three latitudinal sampling locations of prey fish and invertebrate species 
collected from 2012-2014 in the eastern Canadian Arctic Territory of Nunavut. The community of Arviat 
represents the low Arctic, Clyde River the mid-Arctic, and Resolute Bay the high Arctic. 
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Figure 2.2 Average concentrations (±SE) of a) EPA+DHA, b) sum (Σ) omega-3 and c) ΣPUFA in muscle 
of prey fish and whole invertebrate species in the low (LA), mid-(MA) and high (HA) eastern Canadian 
Arctic from 2012-2014. Significant differences among species are indicated by different letters above 
each bar and were considered at p < 0.05.  
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Figure 2.3 Relationships of prey fish species’ mean (±SE) muscle EPA+DHA concentrations to (a) lipid 
content (%) and (b) trophic position from collections in the low (LA), mid-(MA) and high (HA) eastern 
Canadian Arctic in 2012-2014. Species are represented in different colors while latitudinal locations are 
represented in different shapes. 
 
 
 
 
 
  
64 
 
 
Figure 2.4 Average concentrations (± SE) of a) selenium; b) methylmercury and ratios of c) Se:Hg in 
muscle of prey fish and whole invertebrate species in the low (LA), mid-(MA) and high (HA) eastern 
Canadian Arctic from 2012-2014. Significant differences among species are indicated by different letters 
above each bar and were considered at p <0.05.  
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Figure 2.5 Relationships of prey fish species’ mean (± SE) (a) selenium (Se) concentrations to relative 
carbon source, (b) Se:Hg ratios to fish length (mm) and to (c) relative carbon source, in the low (LA), 
mid-(MA) and high (HA) eastern Canadian Arctic, from 2012-2014. Species are represented in different 
colors while latitudinal locations are represented in different shapes. 
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Appendix 2 
 
Within-species variation  
 
Within-species variation of essential fatty acids, selenium and Se:MeHg ratios in Arctic prey fish and 
invertebrate species 
 
Concentrations of EPA+DHA, Σomega-3, and ΣPUFA showed strong positive relationships with fish 
lipid content within species (Kendall-Theil: p < 0.01; Figure A2.1a), similarly to among species variation. 
For trophic position, there were no significant relationships with the essential fatty acids, except for 
positive relationships for sculpin in the low Arctic (p < 0.01; Figure A2.1b). Essential fatty acid 
concentrations in this sculpin, as well as sculpin in the mid-Arctic, also showed significant positive 
relationships with carbon source (p < 0.05). Length was significant for capelin (p < 0.05), sand lance (p < 
0.01) and sculpin in the mid-Arctic (p < 0.01). However, the direction of the slopes of these relationships 
were contrasting, i.e. fatty acids increased with length for capelin and sand lance but decreased for 
sculpin. Variable effects of fish length on Σomega-3 within species have been previously reported for 
freshwater Arctic fish in the Dehcho region, Canada (Reyes et al., 2016).   
Concentrations of selenium showed significant relationships with carbon source for capelin (p < 
0.01), sculpin in the mid-Arctic (p < 0.05) and Greenland cod (p < 0.05; Figure A2.1c). The direction of 
the slope of these relationships was however, species-dependent. The relationships between intrinsic and 
extrinsic factors and Se:MeHg ratios varied (Figure A2.1d). Carbon source was negatively associated 
with Se:MeHg ratios for capelin (p < 0.01) and sand lance (p < 0.01), but this association was positive for 
Arctic cod and sculpin in the mid-Arctic (p < 0.05). The Se:MeHg ratios increased with fish length for 
sand lance (p = 0.005), but decreased for Arctic cod from the mid- and high Arctic (p < 0.001), sculpin 
from the mid- and high Arctic (p = 0.004), and Greenland cod (p = 0.006). Overall, the variable effects of 
intrinsic and extrinsic factors on the variation of essential fatty acids, selenium and Se:MeHg ratios within 
species complicated any interpretation. 
 
 
Within-species correlations between methylmercury and nutrients 
 
Contrarily to the strong correlations between methylmercury and EPA+DHA, Σomega-3 and ΣPUFA 
when considering all species together, significant negative correlations of EPA+DHA and methylmercury 
were only found for sculpin in the low Arctic (EPA+DHA: Rs = - 0.73, p = 0.02). Selenium and 
methylmercury were positively correlated for capelin (Rs = 0.77, p = 0.01), but not for other species (Rs < 
0.57, p > 0.07). Contrasting results were previously found in the Dehcho Region, where selenium and 
total mercury concentrations were negatively correlated in muscle tissues of three of the seven fish 
species collected (Reyes et al., 2016). 
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Table A2.1 Sample collection details for marine forage fish and invertebrates collected in the eastern 
Canadian Arctic regions of Nunavut from 2012 to 2014 (Pedro et al., 2017b). 
 n Collection 
year 
Location GPS coordinates (Latitude; 
Longitude) 
Arctic cod     
Boreogadus saida 20 2013 Clyde River 71°06'33''N; 71°06'21"W 
 20 2012 Resolute Bay 74°40'54''N; 94°51'33"W 
Capelin     
Mallotus villosus 
11 2014 Arviat 61º11'55"N; 93º58'28''W and 
61º09'46''N; 93º50'87''W 
Sand lance     
Ammodytes spp. 13 2014 Arviat 61º09'46"N; 93º50'87"W 
Sculpin     
Myoxocephalus spp. 10 2014 Arviat 61º06'73''N; 94º04'38''W 
Cottunculus microps 10 2013 Clyde River 71°06'34"N; 71°06' 21"W 
Myoxocephalus spp. 10 2014 Resolute Bay 74º40'08''N; 94º59'03''W 
Northern shrimp     
Pandalus borealis 10 2013 Clyde River 71°06'34"N; 71°06'21"W 
Amphipods     
Gammarus oceanicus 1 pool 2014 Arviat Not recorded 
Themisto libellula 1 pool 2013 Clyde River 71°06'34"N; 71°06' 21"W 
Gammarus setosus* 2 pools 2014 Resolute Bay 74º44'43''N; 95º04'07''W and 
74º45'93''N; 95º11'21''W 
Greenland cod     
Gadus ogac 10 2014 Arviat 61º11'56''N; 93º58'28''W 
Cisco     
Coregonus artedi 5 2014 Arviat 61º06'73''N; 94º04'38''W 
*The species identified corresponds to one of the pools. The individuals of the other pool were not 
identified. 
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Table A2.2 Arithmetic mean (±SE) of lipid content, fish weight, fish length, trophic position, and relative 
carbon source a in prey fish muscle and whole invertebrate species collected from 2012 to 2014 in the 
eastern Canadian Arctic Territory of Nunavut.  
 
n 
Lipid 
content (%) 
Weight 
(g) 
Length 
(mm) 
Trophic 
position 
Relative 
carbon source 
Arctic cod       
Mid-Arctic 20 1.80 (0.17) 31.3 (3.4) 135 (8) 2.96 (0.03) 1.08 (0.00) 
High Arctic 20 2.57 (0.22) 26.0 (1.3) 148 (3) 3.08 (0.03) 1.12 (0.00) 
Capelin       
Low Arctic 11 1.50 (0.26) 8.70 (1.03) 104 (3) 3.73 (0.04) 1.27 (0.01) 
Sand lance       
Low Arctic 13 1.23 (0.24) 3.80 (0.23) 96.8 (2.6) 3.61 (0.05) 1.30 (0.01) 
Sculpin       
Low Arctic 10 0.83 (0.10) 149 (21) 197 (10) 3.99 (0.07) 1.00 
Mid-Arctic 10 0.42 (0.09) 77.1 (17.0) 127 (8) 3.80 (0.04) 1.00 
High Arctic 10 1.71 (0.09) 78.2 (17.6) 148 (9) 3.31 (0.03) 1.00 
Northern shrimp       
Mid-Arctic 10 1.22 (0.10) 13.2 (0.5) ~ 100 3.21 (0.02) 0.99 (0.00) 
Amphipods       
Low Arctic 1 1.32 - - 2.5 0.99 
Mid-Arctic 1  6.24 - - 2.5 1.12 
High Arctic b 2  1.80 (0.09) - - 2.5 0.98 (0.04) 
Greenland cod       
Low Arctic 10 0.76 (0.06) 532 (104) 305 (21) 4.60 (0.06) 1.14 (0.01) 
Cisco       
Low Arctic 
4 
3.40 (1.25) 
 
687 (36) 
346 (8) 
 
3.39 (0.09) 
 
1.12 (0.06) 
 
aTrophic position and relative carbon source previously calculated in Pedro et al. (2017) based on δ15N 
and δ13C, respectively. 
bPooled samples. 
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Table A2.3 Arithmetic mean (±SE) of methylmercury concentrations (MeHg; µg g-1 wet weight),  
percentage of methylmercury of total mercury measured (Pedro et al., 2017b), concentrations of 
EPA+DHAa, sum (Σ) omega-3b, Σ polyunsaturated fatty acids (ΣPUFA)c, selenium (Se; wet weight), and 
molar ratios of selenium to methylmercury (Se:Hg) in prey fish muscle and whole invertebrate species 
collected from 2012 to 2014 in the eastern Canadian Arctic territory of Nunavut.  
 
MeHg 
% 
MeHg 
EPA+DHA 
(mg . 100 g-1)  
Σomega-3 
(mg . 100 g-1) 
ΣPUFA 
(mg . 100 g-1) 
Se  
(µg g-1) 
Se:Hg 
Arctic cod        
Mid-Arctic 
0.03 
(0.00) 
103 
(2.20) 
658 
 (44) 
717 
 (49) 
774  
(54) 
0.43 
(0.02) 
38.4 
 (2.7) 
High Arctic 
0.03 
(0.00) 
115 
(3.14) 
594 
 (33) 
653  
(38) 
736  
(44) 
0.56 
(0.02) 
48.7 
 (3.5) 
Capelin        
Low Arctic 
0.01 
(0.00) 
90.7 
(3.38) 
602 
 (80) 
644  
(87) 
710  
(98) 
0.50 
(0.02) 
115  
(5.9) 
Sand lance        
Low Arctic 
0.02 
(0.00) 
89.4 
(3.95) 
534 
 (93) 
589 
 (105) 
668  
(123) 
1.15 
(0.16) 
151  
(19) 
Sculpin        
Low Arctic 
0.13 
(0.02) 
98.2 
(4.89) 
287  
(35) 
326  
(39) 
417  
(48) 
0.59 
(0.03) 
17.2  
(3.6) 
Mid-Arctic 
0.26 
(0.04) 
92.8 
(3.13) 
163 
 (38) 
177 
 (41) 
210  
(47) 
0.69 
(0.08) 
9.68   
(2.20) 
High Arctic 
0.12 
(0.02) 
105 
(4.15) 
453  
(16) 
504  
(17) 
605 
 (21) 
0.52 
(0.03) 
15.3  
(2.5) 
Northern 
shrimp 
 
 
     
Mid-Arctic 
0.20 
(0.01) 
98.1 
(2.58) 
444 
 (34) 
473  
(36) 
525  
(40) 
0.55 
(0.02) 
7.70   
(0.56) 
Amphipods        
Low Arctic 0.02 107 298 375 626 1.00 143 
Mid-Arctic 0.02 138 1,100 1,329 1,565 1.20 162 
High Arctic 
0.01 
(0.00) 
83.0 
(19.2) 
429  
(17) 
492  
(16) 
587  
(28) 
1.32 
(0.05) 
388  
(35) 
Greenland cod        
Low Arctic 
0.14 
(0.03) 
95.9 
(4.14) 
352 
 (26) 
381 
 (28) 
457  
(34) 
0.41 
(0.02) 
11.5 
 (2.3) 
Cisco        
Low Arctic 
0.13 
(0.03) 
119 
(7.12) 
585  
(100) 
 
681   
(123) 
 
836  
(153) 
 
0.30 
(0.04) 
 
9.41   
(2.52) 
 
aEicosapentaenoic acid (EPA; 20:5n3) and docosahexaenoic acid (DHA; 22:6n3).   
bΣomega-3 included: 16:4n3; 18:3n3; 18:4n3; 20:3n3; 20:4n3; 20:5n3; 21:5n3; 22:4n3; 22:5n3; 22:6n3. 
cΣPUFA included: 16:2n6; 16:2n4; 16:3n6; 16:3n4; 16:4n3; 16:4n1; 18:2d5,11; 18:2n7; 18:2n6; 18:2n4; 
18:3n6; 18:3n4; 18:3n3; 18:3n1; 18:4n3; 18:4n1; 20:2n9; 20:2n6; 20:3n6; 20:4n6; 20:3n3; 20:4n3; 
20:5n3; 22:2n6; 21:5n3; 22:4n6; 22:5n6; 22:4n3; 22:5n3; 22;6n3.  
dPooled samples 
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Figure A2.1 Relationships of forage fish species (a) EPA+DHA concentrations to lipid content (%), (b) 
EPA+DHA concentrations to trophic position, (c) selenium (Se) concentrations to relative carbon source 
and (d) Se:MeHg ratios to fish length (mm), in muscle in the low (LA), mid-(MA) and high (HA) eastern 
Canadian Arctic, from 2012-2014.  
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Figure A2.2 Relationship of forage fish species’ EPA+DHA concentrations with lipid content (%), in 
muscle tissues in the low (LA), mid-(MA) and high (HA) eastern Canadian Arctic, from 2012-2014. The 
regression lines show different effects of lipid content in EPA+DHA concentrations dependent on trophic 
position: organisms with trophic position lower than 3.5 are shown in grey, while organisms of trophic 
positions greater than 3.5 are shown in black. 
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Tracing the feeding niche and overlap of prey fish redistributing northward relative to eastern Canadian 
Arctic fish and invertebrates along a latitudinal gradient  
 
Abstract 
We evaluated feeding niche breadth and overlap among two northward-redistributing sub-Arctic 
marine fish species and 11 Arctic fish and invertebrates within low, mid- and high Canadian Arctic 
regions. Feeding niche included “fatty acid niche”, based on fatty acid values, and “isotopic-corrected 
niche”, based on trophic position and carbon source (derived from δ15N and δ13C, respectively). Ward’s 
cluster analysis separated species into three isotopic-corrected niche and four fatty acid niche clusters. 
The diverse feeding strategies represented, including benthic generalist sculpins (Cottidae), anadromous 
cisco (Coregonus artedi), predatory Greenland cod (Gadus ogac), and a few pelagic prey fish, limited 
feeding niche overlap among species (5% average, range 0% to 86%). The sub-Arctic capelin (Mallotus 
villosus) and sand lance (Ammonytes spp.) from the low Arctic had medium fatty acid (42%) and high 
isotopic-corrected (86%) niche overlap with one another; whereas their feeding niches overlapped 0-0.2% 
with the keystone native prey fish, Arctic cod (Boreogadus saida). Capelin and sand lance had 3-8 times 
broader feeding niches than Arctic cod, likely related to higher reliance of Arctic cod on sympagic-
derived carbon compared to the more pelagic-associated capelin and sand lance. Regarding latitudinal 
variation, Arctic cod from the high Arctic, as well as amphipods and sculpin in this region, were more 
associated with sympagic-derived carbon than conspecifics in lower Arctic regions. Thus, the lack of 
feeding niche overlap between sub-Arctic fish and Arctic cod could be related to latitudinal variation in 
sea ice extent. Still, broader niches and lower reliance on sympagic-derived carbon for capelin and sand 
lance indicates a potential ecological advantage for these species over Arctic cod under climate change.  
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Introduction 
Sea ice extent and thickness has declined around 65 % in the past three decades, and current 
climate models predict a summer free of sea ice by 2030 (Stroeve et al., 2008; Wang and Overland, 
2012). Loss of sea ice may change the spatial and temporal distribution of primary production, causing 
bottom-up effects in sea ice-associated marine food webs (Duarte et al., 2012; Sibert et al., 2010). At the 
same time, the northward range expansion of sub-Arctic marine species, including prey fish, may alter 
ecological relationships among species in the Arctic (e.g. through changes in predation and competition), 
further increasing the vulnerability of local ecosystems (Fossheim et al., 2015; Pecl et al., 2017). It is thus 
critical to understand the diet and habitat use of Arctic and northward-expanding sub-Arctic fish to assess 
and predict their potential ecological responses to a warming ocean.   
Arctic cod (Boreogadus saida) is a key prey fish in the Arctic as it represents a high energy link 
between lower and higher trophic levels (Welch et al., 1993). This species is widely distributed in the 
Arctic Ocean, yet in recent years, its abundance at lower latitudes of the Canadian Arctic appears to have 
declined, likely due to its reliance on sea ice for food and shelter (Gaston and Elliott, 2014; Graham et al., 
2014; Harwood et al., 2015; Kohlbach et al., 2017; Provencher et al., 2012; Renaud et al., 2012; 
Yurkowski et al., 2016b). Capelin (Mallotus villosus) and sand lance (Ammodytes spp.) have a similar 
ecological role to that of Arctic cod, at least within their traditional sub-Arctic distribution (Hop and 
Gjøsaeter, 2013; Robards et al., 1999). However, these sub-Arctic fish are becoming more abundant in 
low to mid-Canadian Arctic regions (Braune et al., 2014a; Provencher et al., 2012; Yurkowski et al., 
2016b), expanding into the western Canadian Arctic and more recently into the central Canadian Arctic 
archipelago (Falardeau et al., 2017; McNicholl et al., 2018, 2016). Dietary studies from the Barents Sea 
and West Greenland based on gut contents indicate similar prey type preference between Arctic cod, 
capelin, and sand lance, including feeding on copepods, amphipods, and euphausiids in varying 
proportions dependent on regional prey availability (Danielsen et al., 2016; Falardeau et al., 2014; Gray et 
al., 2016; Hedeholm et al., 2012; Hop and Gjøsaeter, 2013; McNicholl et al., 2016). As well, all three 
species show ontogenetic changes in diet, feeding largely on copepod larvae during early life stages and 
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copepods, amphipods and/or euphausiids at adult life stages (Danielsen et al., 2016; Falardeau et al., 
2014; Hedeholm et al., 2012; Hop and Gjøsaeter, 2013). In the Beaufort Sea, co-occurring capelin, sand 
lance, and Arctic cod feed mostly on calanoid copepods, although the two sub-Arctic fish seem to prefer 
smaller zooplankton (e.g. mean prey length of 5.0 ± 1.1 mm for capelin compared to 5.4 ± 9.6 mm for 
Arctic cod) (Falardeau et al., 2014; McNicholl et al., 2016). Thus, further northward range expansion 
anticipated for capelin and sand lance in the Canadian Arctic may increase the potential for these species 
to outcompete Arctic cod foraging for similar zooplankton species.  
Resource use and competition among species can be determined based on feeding niche breadth and 
overlap (Brewster et al., 2016; McNicholl et al., 2018). Although the ecological niche of a species is 
much more complex, i.e., it describes the range of abiotic conditions and biotic relationships within which 
a species can survive and reproduce (Peterson et al., 2011; Smith, 1982), it is common to characterize the 
niche of a species within a community based only on a few niche dimensions (Brewster et al., 2016; 
Giraldo et al., 2016; McNicholl et al., 2018). Thus, here we define feeding niche based on feeding 
preferences and resource utilization of the different species within the community. In this context, the 
extent of the variety of resources used by the individuals in the population is the niche breadth, while 
niche overlap represents the extent of the similarity of resource use among species (Smith, 1982). 
Modern tools to determine the foraging niches of marine fish include stable isotopes and fatty 
acids analyses. In the marine environment, carbon stable isotope ratios (δ13C) can be used to distinguish 
offshore/pelagic vs inshore/benthic foraging habitats, due to the relative enrichment of the heavy isotope 
in inshore/benthic marine systems (Cherel and Hobson, 2007; Giraldo et al., 2016). Nitrogen stable 
isotope ratios (δ15N) show predictable increase from prey to predator, and can thus be used to calculate 
the trophic position of an organism within a food web (Hamilton, 2007; Hussey et al., 2014; Kelly, 2000). 
Using stable isotopes allows for long-term assessment of trophic interactions and habitat use (Hamilton, 
2007; Marcoux et al., 2012), but stable isotope ratios alone may not, for example, be able to distinguish 
whether two pelagic species feeding at the same trophic position are consuming the same or different prey 
items. Fatty acid signatures can be used as a complementary tool in determining niche variation among 
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populations and within communities based on sources of primary production (Brewster et al., 2016; 
Giraldo et al., 2016). That is, primary producers such as diatoms or dinoflagellates biosynthesize certain 
fatty acids that are transferred along the food web almost unmodified (Dalsgaard et al., 2003). Thus, the 
fatty acid composition of a consumer may indicate the direct or indirect source of primary production in 
that consumer (Atwell et al., 1998; Tocher, 2017). Combined, the use of stable isotope ratios and fatty 
acid signatures may provide a more complete understanding of the foraging niches of Arctic marine fish 
(Brewster et al., 2017, 2016; Giraldo et al., 2016) compared to that of northward-expanding sub-Arctic 
fish.  
Here, we use stable isotopes and fatty acid approaches to evaluate the ecological niche breadth 
and overlap among 13 fish and invertebrate species in the eastern Canadian Arctic: three sculpin 
(Cottidae), three amphipod (Amphipoda), Arctic cod, Greenland cod (Gadus ogac), cisco (Coregonus 
artedi), goiter blacksmelt (Bathylagus euryops), Northern shrimp (Pandalus borealis), and the northward-
redistributing capelin and sand lance. We evaluate potential resource competition between Arctic cod and 
sub-Arctic capelin and sand lance, focusing on niche overlap between these species. Finally, based on 
niche breadth and overlap, we evaluate the extent to which latitudinal variation affects the feeding niches 
of Arctic cod collected in the mid- and high Canadian Arctic, and amphipods and sculpin species 
collected in the low, mid- and high Arctic.  
 
Material and methods 
Sampling procedures 
From 2012 to 2014, we collected marine prey fish and invertebrates within three different regions 
in the eastern Canadian Arctic (Nunavut), which we classified as the low, mid- and high Arctic. More 
detailed sampling procedures were reported previously (Pedro et al., 2017b). Briefly, near Arviat (low 
Arctic, 61o N, 94o W) local fishers collected capelin (n = 11), sand lance (n = 13), sculpin 
(Myoxocephalus spp., n = 10), cisco, Greenland cod, and amphipods (Gammarus oceanicus, 1 pool) using 
traditional methods. Near Clyde River (mid-Arctic, 70o N, 69o W), we used trawl fishing to collect Arctic 
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cod (n = 20), sculpin (Cottuncullus microps, n = 10), goiter blacksmelt (n = 4), Northern shrimp (n = 10), 
and amphipods (Themisto libellula, 1 pool). Near Resolute Bay (high Arctic, 75o N, 95o W), we fished 
Arctic cod (n = 20) with rod and reel, and local fishers collected amphipods (Gammarus setosus, 2 pools) 
and sculpin (Myoxocephalus spp., n = 10) using traditional methods. Despite repeated efforts, it was not 
possible to collect samples of all species in each region. Prior to laboratory analyses, prey fish and 
invertebrate samples were preserved at -80 °C. 
 
Fatty acids analysis 
Fatty acids analysis was previously described in Pedro et al. (2019). All extractions and 
quantification were performed at the Center for Environmental Science and Engineering, at the University 
of Connecticut (Storrs CT, USA). Briefly, 1.5 g of homogenized fish and shrimp muscle tissue or whole 
amphipods was used for lipid extractions. A solution of 2:1 chloroform:methanol containing 0.01 % 
butylated hydroxytoluene (BHT; v/v/w) with 0.88 % sodium chloride in deionized water was added to the 
subsamples, which were then filtered through with anhydrous sodium sulfate and evaporated under 
nitrogen for lipid content determination. Fatty acids were trans-esterified to their fatty acid methyl ester 
(FAME) analogues and analyzed with a Perkin Elmer Clarus® 580 gas chromatograph with flame 
ionization detector (GC-FID). A total of 68 individual fatty acids, including saturated (n = 16), 
monounsaturated (n = 22), and polyunsaturated fatty acids (n = 30) were quantified as mass percent (%) 
of total FAME. Fatty acids were abbreviated according to their carbon chain length (A), number of double 
bonds (B), and position of the first double bond counting from the methyl end of the carbon chain (X) as 
A:BnX.  
Instrumental blanks and a FAME standard mixture (GLC-68B, Nu-Chek Prep, Inc., Elysian, MN, 
and USA) were analyzed with each batch of samples. Duplicates (n = 48) were extracted and analyzed 
when enough sample was available. The limit of detection was 0.12 %, calculated as 10 times the signal 
to noise ratio. The results for the FAME standard mixture were within 4.6 ± 0.4 % of the values for GLC-
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68B provided by Nu-Chek Prep (n = 6), reported as relative error. The relative percent difference of 
duplicates averaged 5.2 ± 3.5 %.  
 
Stable isotopes analysis 
Analytical methods for nitrogen (δ15N) and carbon (δ13C) stable isotopes were previously reported 
in Pedro et al. (2017). Stable isotope analyses were performed at the Chemical Tracers Laboratory, 
University of Windsor (Windsor, ON, Canada). In summary, lipids were extracted from homogenized 
samples, using a 2:1 chloroform:methanol solution. A 400-600 µg subsample was then combusted in an 
elemental combustion system. Ratios of δ15N and δ13C were measured using a coupled Delta V Advantage 
isotope ratio mass spectrometer (Thermo Scientific, Waltham, MA, USA).  
Quality control included analyzing reference materials USGS 40, NIST-1577c, an internal laboratory 
standard (fish muscle), and urea with every batch. The results for USGS 40 (n = 7) averaged 0.04 ‰ for 
δ15N and 0.07 ‰ for δ13C within the reference values, calculated as relative error. Repeated runs of NIST 
8573, 8547, and 8574 for δ15N and 8542, 8573, and 8574 for δ13C provided a measure of instrument 
accuracy. These were within 0.07 ‰ (NIST 8573), 0.14 ‰ (NIST 8547), and 0.19 ‰ (NIST 8574) of the 
reference materials for δ15N, and 0.04 ‰ (NIST 8542), 0.06 ‰ (NIST 8573) and 0.07 ‰ (NIST 8574) for 
δ13C. 
We calculated trophic position (TP) and relative carbon sources based on δ15N and δ13C values 
respectively, as previously described (Pedro et al., 2017b), to correct for regional variation in isotopic 
baselines. To calculate TP, we assumed a trophic position of 2.5 for amphipods per region (Fisk et al. 
2003; Foster et al. 2012; Clayden et al. 2015) and a constant trophic enrichment factor of 3.8 ‰ (Hobson 
and Welch 1992):  
TP = 2.5 + (δ15Nfish or shrimp – δ15Namphipod)/ 3.8 ‰ 
 
We used sculpin δ13C values to calculate relative carbon source as the Cottidae family typically shows 
benthic foraging habits (Giraldo et al. 2016). A carbon source value > 1 thus indicated more pelagic 
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feeding habits, and a carbon source value < 1 indicated more benthic feeding habits (modified from Fisk 
et al., 2003): 
Relative carbon source = δ13Cfish or shrimp/δ13Csculpin 
 
Statistical analysis 
Since we were not able to collect all species in all regions, species/region was considered as a 
single variable (e.g. Arctic cod collected in the mid-Arctic). To be clearer, we refer to this variable just as 
species hereon in.  
Results for variation in lipid %, tropic position, carbon source and fish length and weight among 
species were previously reported (Pedro et al., 2019, 2017b). In these previous studies, we identified one 
outlier for lipid % and therefore it was removed from the fatty acid analysis conducted here (Pedro et al., 
2019).  
Before calculating niche breadth and overlap, we inspected for relationships between fatty acids, 
TP and carbon source, and biological variables. Relationships between fish length and fatty acid 
proportions were analyzed using linear regression for higher % fatty acids (summing up to an average of 
66 % of the total fatty acids) to avoid influence of low % fatty acids, which are subject to greater 
analytical error. Of all species, only capelin and sand lance showed significant relationship between these 
variables (R2 = 0.4 - 0.6, p < 0.04). However, since these relationships were only significant for some of 
the fatty acids analyzed, we did not correct fatty acid signatures for fish length.  
Within-species variation in δ15N and δ13C may exist related to fish size and life stage (Marsh et 
al., 2016; Swanson et al., 2010). To avoid these confounding factors as much as possible, all the fish 
collected here were adult mature individuals (e.g. for Arctic cod, capelin and sand lance, maturity occurs 
at 20-25 mm (Falardeau et al., 2014; Hop and Gjøsaeter, 2013)). We checked for within-species 
relationships between fish length, TP and carbon source using linear models, after normalizing all data 
through natural log-transformation. Only capelin and Greenland cod showed significant relationships 
between TP and fish length (R2 > 0.58; p < 0.01), while carbon source was significantly related to length 
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for Arctic cod in the mid-Arctic (R2 = 0.24; p = 0.03), but weakly, and Greenland cod (R2 = 0.42; p = 
0.04). Due to the strong relationships and apparent variation when visually inspecting non-corrected vs 
corrected results (Figure A3.1), we length-corrected TP values for Greenland cod and capelin, and carbon 
sources for Greenland cod. The calculated values for TP and relative carbon source were used to 
determine niche breadth and overlap in all subsequent analyses, rather than the absolute δ15N and δ13C, 
and therefore we refer to the derived niches as isotopic-corrected niche.  
Of the 68 fatty acids identified, we selected 35 fatty acids with percentages above 0.5 %, again to 
avoid influence of low % fatty acids. The fatty acids selected were combined based on importance as 
dietary markers. Fatty acid markers for calanoid copepods (Calanus spp.) included 20:1n9, 20:1n11, 
22:1n9 and 22:1n11 (Dalsgaard et al., 2003). The C16-PUFAs, generally high in diatoms, included 16:2n6, 
16:2n4, 16:3n4, 16:4n3, and 16:4n1, while the C18-PUFAs, generally high in dinoflagellates and low in 
diatoms included 18:2n7, 18:2n4, 18:3n6, 18:3n4, 18:3n1, 18:4n3, and 18:4n1 (Dalsgaard et al., 2003). 
Fatty acids 18:3n3 and 18:2n6 indicate feeding on nearshore/freshwater environments and were therefore 
separated from the C18-PUFAs (Dalsgaard et al., 2003). Bacterial markers included 15:0, iso-15:0, 17:0 
and 17:1 (Dalsgaard et al., 2003). The 19 fatty acids selected (single or clustered) accounted for an 
average of 95 % (range 93 to 97 %) of the total. After standardizing the selected fatty acids (by 
subtracting the respective means and dividing by the standard deviations), we used principal component 
analysis (PCA) to reduce the dimensionality of the data. The scores from PCs 1, 2 and 3 were used to 
calculate fatty acid niche breadth and overlap. 
We calculated Layman metrics for fatty acid and isotopic-corrected niches, including standard 
ellipse areas for small sample sizes (SEAc) using the package SIBER (Jackson et al., 2011; Layman et al., 
2007). These SEAc include 40 % of the data, regardless of sample size, representing the area contained 
within the standard ellipses in the two-dimensional space, or niche breadth (Jackson et al., 2011). Layman 
metrics were developed for stable isotopes, but here we adapted the calculations for fatty acids using the 
scores of PCs 1 and 2. For TP and carbon source, we additionally calculated trophic position range, which 
indicates the range of trophic diversity within the species, and carbon source range, which indicates the 
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breadth of dietary carbon sources exploited by a species (Layman et al., 2007). Similar calculations for 
SEAc and isotope ranges based on absolute δ15N and δ13C were included in the supporting information. 
We used the residual permutation procedure (RPP) metric mean distance (MD) to evaluate differences in 
fatty acid and isotopic-corrected niche centroid among species (Turner et al., 2010). Niche centroids were 
considered different among species when Euclidean distance between centroids was significantly greater 
than zero (Turner et al., 2010). For fatty acids, we only used PC1 and 2 to compare niche centroids due to 
limitations of the statistical method used. 
We computed three-dimensional probabilistic regions (95 %) based on fatty acid PCs 1, 2 and 3, 
and two-dimensional probabilistic regions based on TP and carbon source using a Bayesian multivariate 
analyses with the package nicheROVER, and calculated niche overlap probability among species using 
the default non-informative prior (Swanson et al., 2015). Goiter blacksmelt was not included in fatty acid 
niche overlap calculations due to the small sample size of this species available for fatty acids. Sculpin 
and amphipods were not included in the isotopic-corrected niche overlap calculations because carbon 
source and TP were calculated based on these species per region. To simplify interpretation, we 
considered low niche overlap when the probability of overlap between two species was 1-20 %, medium 
niche overlap between 21-49 % and high overlap between 50-100 % (Brewster et al., 2016). 
We used PCs 1, 2 and 3, and hierarchical clustering on principal components (HCPC) with the 
package FactoMineR and NbClust to cluster species based on fatty acid signatures. To generate clusters 
based on TP and carbon source, we used Ward’s hierarchical cluster analysis with Euclidean distances 
with the packages NbClust and factoextra.  
All statistical analyzes were performed using R version 3.4.2 (R Core Team, 2018), and 
significance of results was considered at a 95 % confidence interval. 
 
Results  
Fatty Acid Principal Component Analysis 
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The PCA analysis was performed on 14 fish and invertebrate species (n = 120) and the 19 fatty 
acid markers considered. The first dimension explained 34.4 % of the variance, the second explained 17.8 
% and the third explained 16.6 %, with a total of 68.7 % of the variance explained in these dimensions. 
The first dimension of the PCA represented a gradient of dinoflagellate/benthic to diatom fatty acids 
markers (Figure 3.1). This dimension was positively associated with dinoflagellate markers 22:6n3 and 
16:0, the benthic fatty acid marker 20:4n6, and bacteria marker 18:1n7. Sculpin in the low Arctic and 
Greenland cod loaded positively on dimension 1, with high content of dinoflagellate and benthic markers 
(e.g. 20:4n6 at 5.7-5.8 % compared to 0.2-2 % on other species, except for amphipods in the low Arctic 
with 7.6 %, Table A3.1). The markers 16:1n7, 14:0, Calanus markers, and the mollusk marker 20:1n7 
were negatively associated with dimension 1. Goiter blacksmelt, Arctic cod in the high Arctic, and 
amphipods in the mid-Arctic loaded negatively on dimension 1 with, for example, Calanus markers 
ranging 16-35 % compared to 1-10 % in all other species.  
The second dimension was positively associated with the nearshore/benthic freshwater markers 
18:3n3 and 18:2n6 and the dinoflagellate marker 18PUFA (Figure 3.1), suggesting a marine nearshore to 
pelagic gradient. Amphipods in the low and high Arctic, and about half of the sand lance individuals were 
more associated with the positive side of this dimension. Specifically, amphipods in the low Arctic had 
distinct proportions of nearshore/benthic freshwater markers (e.g. mean of 18:2n6 was 8.7 % compared to 
0.6-2.7 % in all other species).  
The third dimension was positively associated with 18:1n7, 18:1n9, more associated with bottom-
feeding and the diatom marker 16:1n7, and negatively associated with dinoflagellate 22:6n3, 16:0 and the 
benthic marker 24:1n9 (Figure A3.2). Sculpin in the low and high Arctic, amphipods in the mid- and high 
Arctic, and cisco loaded more on the positive side, while sand lance and capelin strongly loaded on the 
negative side of this dimension, with particularly high proportions of 22:6n3 (~ 30 %). Northern shrimp 
was located near the centroid of both PCAs indicating an intermediate fatty acid profile. 
In terms of regional variation, Arctic cod from the high Arctic was more associated with Calanus 
(24.6 %) and diatom markers compared to conspecifics in the mid-Arctic (16.3 %), which had 
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comparatively more dinoflagellate markers such as 22:6n3. Sculpin in the high Arctic had high 16:1n7 
content, while sculpin in the low and mid-Arctic had higher 20:4n6 and 22:6n3 contents, and sculpin in 
the mid-Arctic had higher content of Calanus markers relative to other sculpins (mean of 10 % compared 
to < 4 %). 
 
 Fatty Acid and Isotopic-corrected Niche Breadths  
Fatty acid niche breadth was larger for capelin and sand lance, while goiter blacksmelt had the 
narrowest niche (Table 3.1). Similarly, capelin and sand lance showed TP ranges two to 10 times larger 
than other species, only surpassed by cisco, and sand lance had the largest carbon source range of all 
species. The species with the broadest isotopic-corrected niche was also sand lance, while Northern 
shrimp and goiter blacksmelt occupied the narrowest niches (Table 3.1).  
It is important to note that the values for isotopic-corrected SEAc were small as a result of using 
TP and carbon source, and therefore not comparable to other studies using absolute δ15N and δ13C (see 
Table A3.3). 
 
 Fatty acid and Isotopic-corrected Niche Overlap  
The species with the highest fatty acid niche overlap were Arctic cod in the mid-Arctic and 
conspecifics in the high Arctic. The niches of capelin and sand lance also showed high overlap (Table 
3.2). Capelin’s niche showed low or no overlap with that of Arctic cod. Niches of Greenland cod and 
cisco showed medium overlap with the niche of sculpin in the low Arctic. Sculpin collected in different 
regions had low or no probability of fatty acid niche overlap. The fatty acid niche centroids were 
significantly different among most species (MD > 1.46, p < 0.005), except between capelin and high 
Arctic sculpin (MD = 0.46, p = 0.53), supporting limited fatty acid niche overlap.  
Among the eight species analyzed, the highest isotopic-corrected niche overlap was observed 
between capelin and sand lance, followed by Northern shrimp with cisco, and goiter blacksmelt with 
Arctic cod in the mid-Arctic (Table 3.3; Figure 3.2). Of all species, the isotopic-corrected niche of cisco 
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overlapped the most with those of other species. Neither the niches of capelin nor sand lance overlapped 
with that of Arctic cod. Isotopic-corrected niche overlap between Arctic cod in the mid- and high Arctic 
was low. Similarly, isotopic-corrected niche centroids were significantly different among most species 
(MD > 0.12, p < 0.04), except for goiter blacksmelt compared to Arctic cod in the high Arctic (MD = 
0.07, p = 0.37) and to Northern shrimp (M = 0.11, p = 0.17). 
 
Clusters generated based on fatty acids, and trophic position and relative carbon source 
The Ward’s Cluster analysis performed on the coordinates of the first three dimensions of the 
fatty acid PCA separated the 14 fish and invertebrate species into four clusters (Table A3.2; Figure 3.3a). 
Goiter blacksmelt and mid-Arctic amphipods in Cluster 1 were characterized by high proportions of 
diatom markers, Calanus markers and 20:1n7, and low proportions of the dinoflagellate marker 16:0. 
Amphipods in the low Arctic formed Cluster 2 with high proportions of nearshore/benthic markers and 
18:1n9. Greenland cod, cisco and sculpins in the low, mid- and high Arctic formed Cluster 3 with high 
proportions of 22:5n3, 18:0 and 18:1n7, and low proportions of 14:0 and 18:1n5. The only fatty acid that 
distinguished Northern shrimp, amphipods in the high Arctic, capelin, sand lance and Arctic cod in 
Cluster 4 was 18:1n5. 
Based on stable isotope estimated TP and relative carbon source of the eight species considered, 
Ward’s Cluster analysis identified three clusters (Figure 3.3b). Most species (n = 5) were in Cluster A 
with a lower TP and more benthic carbon sources. Greenland cod in Cluster B was characterized by a 
carbon source intermediate between benthic and pelagic and a higher TP. Capelin and sand lance formed 
Cluster C with the most pelagic carbon sources and intermediate TPs between clusters A and B.   
 
Discussion 
Niche breadth and overlap of capelin, sand lance and Arctic cod 
The northward range-shifting capelin and sand lance showed the widest fatty acid and isotopic-
corrected niche breadths, the most niche similarity to one another, and little to no overlap with Arctic 
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native species, especially the species they are suggested to be replacing, Arctic cod. The wide fatty acid 
and isotopic-corrected niches, and the large TP and carbon source ranges, suggest that capelin and sand 
lance have a more generalist diet compared to Arctic native species. In sand lance, for example, within-
species variation in fatty acid markers supported this more generalist feeding. That is, some sand lance 
had higher content of 18:3n3 and 18:2n6 and more benthic carbon sources, typical of feeding at 
nearshore/shallow habitats, whereas other individuals of this species had a higher content of dinoflagellate 
fatty acid markers and more pelagic carbon sources (Dalsgaard et al., 2003).  
The lack of fatty acid and isotopic-corrected niche overlap between Arctic cod and sub-Arctic fish may to 
some extent be explained by the higher reliance of Arctic cod on sympagic-derived carbon, indicated by 
the highest content of Calanus and diatom fatty acid markers in this species (Dalsgaard et al., 2003), and 
the more benthic carbon sources. Although some variation in the diet of Arctic cod has been reported 
across the Arctic, including in this study (see section Regional variation in niche breadth and overlap), 
this species appears to be a specialist, i.e. Arctic cod is associated with the sea ice and tends to rely on 
lipid-rich copepods and amphipods (Hop and Gjøsaeter, 2013; Matley et al., 2013). Contrarily, capelin 
and sand lance showed a strong association with phytoplankton derived-carbon markers and the most 
pelagic carbon sources overall, likely associated with feeding on pelagic copepods and euphausiids 
(Danielsen et al., 2016; Falardeau et al., 2014; Hedeholm et al., 2012; Henderson et al., 1984; McMeans 
et al., 2013; Robards et al., 1999). Yet, niche variation between Arctic cod, capelin and sand lance could 
additionally be related to regional variation in food availability. Here, we were only able to collect capelin 
and sand lance in the low Arctic, and Arctic cod in the mid- and high Arctic, which limited interpretation 
of niche breadth and overlap between these species, despite isotope corrections. Previous studies of co-
occurring capelin, sand lance, and Arctic cod in the Beaufort Sea, showed large dietary overlap 
(Falardeau et al., 2014; McNicholl et al., 2018, 2016). Capelin and Arctic cod had 83-93% overlap in 
their stomach contents and isotopic niches (McNicholl et al., 2018, 2016), while sand lance at early life 
stages consumed the same copepod taxa, but smaller larvae compared to Arctic cod (Falardeau et al., 
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2014). These results highlight the importance of comparing species from the same geographic location 
when considering diet overlap and foraging behavior among native and northward expanding fish species. 
 
Niche breadth and overlap among Arctic native fish and invertebrate species 
Goiter blacksmelt had the narrowest fatty acid and isotopic-corrected niche breadths, while 
sculpin in the low Arctic and cisco had the broadest fatty acid niches, and cisco also had the broadest 
isotopic-corrected niche compared to other Arctic native species. These results suggest a range from 
specialized to more generalist feeding behaviors, which for sculpin and cisco could additionally be related 
to more diverse food availability at lower latitudes (Yurkowski et al., 2016a). The narrow niches observed 
for goiter are likely associated with a diet mainly consisting of sympagic copepods, as evidenced by high 
content of both Calanus and diatom fatty acid markers, low TP and more pelagic carbon sources in this 
species (Dalsgaard et al., 2003; Kohlbach et al., 2016). These results agree with the previous classification 
of goiter as a bathypelagic zooplanktivorous fish (Klimpel et al., 2006). Further, based on fatty acid 
markers, goiter was clustered with T. libellula, a predatory amphipod known to feed on copepods under 
the sea ice (Foster et al., 2012; Kohlbach et al., 2016).  
Contrary to goiter, the broad fatty acid niche for sculpin in the low Arctic is likely associated with 
the generalist feeding behavior characteristic of sculpins. High association of this sculpin with benthic 
algae, pelagic phytoplankton and bacteria fatty acid markers supported a generalist diet (Dalsgaard et al., 
2003; Legezynska et al., 2012). Sculpins are considered benthic generalists; their diets may vary among 
and within-species and may include benthic and hyperiid amphipods, crabs, shrimps, pelagic zooplankton, 
benthic gastropods, polychaetes and fish (Brewster et al., 2016; Cui et al., 2012; Giraldo et al., 2016; 
Landry et al., 2018; Moore and Moore, 1974). For cisco, their broad isotopic-corrected and fatty acid 
niches could be related to feeding both at the freshwater and marine coastal environment during migration 
(Morin et al., 1981). Cisco is an anadromous fish that can be found in lakes in northern United States and 
Canada, and in coastal waters of Hudson Bay (Morin et al., 1981). However, low sample size obtained for 
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cisco (n = 4) complicated the interpretation of isotopic-corrected and fatty acid niche breadth in this 
species. 
The more generalist feeding of sculpin in the low Arctic resulted in medium fatty acid niche 
overlap with Greenland cod and cisco, while most other species did not overlap or had low probability of 
fatty acid niche overlap. This niche overlap between Greenland cod and sculpin in the low Arctic could be 
due to the high proportions of 20:4n6 (benthic algae) and dinoflagellate markers in both species 
(Dalsgaard et al., 2003), or direct feeding on sculpin by Greenland cod (Nielsen and Andersen, 2001). 
Fish species such as capelin, and less frequently sculpin, some benthic crustaceans, mollusks, 
echinoderms and polychaetes were previously reported in stomach contents of Greenland cod (Nielsen 
and Andersen, 2001). The high TP of Greenland cod and intermediate carbon sources, isolating this 
species in isotopic-corrected cluster B, are characteristic of predatory fish (Hussey et al., 2014).  
In relation to isotopic-corrected niches, most species showed low to high overlap with cisco, 
likely related to the broad isotopic-corrected niche of cisco resultant from their anadromous behavior. The 
particularly high isotopic-corrected niche overlap and close isotopic-corrected clustering of cisco and 
Northern shrimp was likely related to feeding on zooplankton at low trophic levels, previously recorded 
for both species (Muir et al., 2013; Savenkoff et al., 2006). Goiter blacksmelt and Arctic cod in the mid-
Arctic also showed medium to high isotopic-corrected niche overlap, as well as close isotopic-corrected 
clustering, due to feeding at low TPs and more benthic carbon sources. Although we could not compare 
fatty acid niches for these species, goiter and Arctic cod may also overlap in prey preference to some 
extent, as evidenced by the high contents of Calanus and sympagic fatty acid markers in both species, as 
well as previous gut content studies (Matley et al., 2013). 
 
Regional variation in niche breadth and overlap  
While niche breadth was similar in Arctic cod collected in the mid- and high Arctic, medium fatty 
acid niche overlap for this species between regions suggested latitudinal variation in sources of primary 
production. Arctic cod in the high Arctic seemed to rely more on sea ice and Calanus-derived carbon 
  
87 
 
compared to the mid-Arctic where phytoplankton-derived carbon was more important (Dalsgaard et al., 
2003; Kohlbach et al., 2016). Limited isotopic-corrected niche overlap in this species also suggests some 
dietary variation between regions (McNicholl et al., 2016; Nahrgang et al., 2014). The feeding (and 
ecological) niche of a species is not stationary and can vary regionally depending on resource availability 
and competition, leading to limited niche overlap across different regions (Brewster et al., 2017; Peterson 
et al., 2011; Ricklefs, 1987; Yurkowski et al., 2016a). For instance, latitudinal and/or temporal variation 
in sea ice patterns could have influenced prey availability for Arctic cod in the mid- compared to high 
Arctic. In the Bering Sea, Arctic cod consumed more calanoid copepods under heavier ice conditions 
compared to reduced ice conditions (Cui et al., 2012). Further, reliance on sea ice primary production may 
also vary for calanoid copepods depending on season and region (Kohlbach et al., 2016).  
Fatty acid markers in sculpin suggested high within and among species variation, in addition to 
spatial variation in reliance on sympagic primary production as well as in the strength of pelagic-benthic 
coupling. The high contents of 16:1n7 in individuals collected in the high Arctic (Myoxocephalus spp.) 
relative to sculpins in the low (Myoxocephalus spp.) and mid-Arctic (C. microps) suggested higher 
contribution of sympagic-derived carbon to their diet. Conversely, Myoxocephalus spp. in the low Arctic 
and C. microps were more associated with benthic algae and phytoplankton-derived carbon (Dalsgaard et 
al., 2003; Legezynska et al., 2012), while C. microps also had high content of Calanus markers relative to 
the other sculpins. Comparing only Myoxocephalus spp., some of the variation in fatty acids markers 
could additionally be related to ontogenetic shifts in diet to include other fish, supported by the higher TP 
and larger size, as well as the broader fatty acid niches for Myoxocephalus spp. in the low Arctic (Hussey 
et al., 2014; Landry et al., 2018). Another factor that may play an important role in variation in fatty acid 
niche among sculpins is the variable spatial patterns in organic matter inputs for benthos. That is, higher 
contribution of diatom- and Calanus-derived fatty acids to sculpin in the mid- and high Arctic compared 
to the low Arctic suggested stronger pelagic–benthic coupling in higher Canadian Arctic regions (Giraldo 
et al., 2016; Stasko et al., 2018). Benthic food webs are fueled by organic matter produced by pelagic 
algae that sinks as phytodetritus but when fresh phytodetritus are scarce, benthic species end up relying 
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on a more diverse pool of alternative carbon sources, such as bacteria and benthic algae (Giraldo et al., 
2018; McTigue and Dunton, 2014). This may explain the variation observed in sculpins in the low Arctic, 
which is further supported by the broad isotopic niche of sculpin in this region (based on δ15N and δ13C 
ratios, Table A3.3) and higher bacteria markers compared to other sculpins (1.4 % compared to ~ 0.5 %, 
Table A3.2).  
Similar to sculpin and Arctic cod, variation in fatty acid markers in Gammarus spp. between low 
and high Arctic indicated higher contribution of sympagic-derived carbon to the diet of G. setosus in the 
high Arctic. The high contents of nearshore/benthic freshwater fatty acid markers in G. oceanicus isolated 
this species in the fatty acid cluster 2, suggesting ingestion of green algae-derived detritus nearshore. 
Gammarids are grazing amphipods that feed on detritus in different habitats, including grazing on sand, 
stones, and algae (Legezynska et al., 2012), and therefore their diets may vary depending on the origin of 
the detritus. Additionally, a more diverse pool of carbon sources in G. oceanicus compared to G. setosus 
further supports stronger pelagic-benthic coupling in the high Arctic.  
 
Conclusion 
In summary, the diversity of taxa presented here, from low trophic pelagic and benthic species to 
primary piscivores, resulted in varying fatty acid and isotopic-corrected niche breadths, and limited 
feeding niche overlap among species. Aside from variation associated with specific feeding behavior, 
regional variation in resource availability also contributed to varying feeding niches occupied by these 
species, as illustrated by an increase in reliance on sea ice primary production from lower to higher 
Canadian Arctic latitudes (Budge et al., 2008; Gosselin et al., 1997; Kohlbach et al., 2016). The broader 
niches of most prey fish in the low Arctic compared to species at higher latitudes may additionally be 
related to the greater biodiversity present at lower Arctic regions (Michel et al., 2012; Yurkowski et al., 
2016a). Higher variation in habitat types and greater variety of food items, i.e. greater ecological 
opportunity, tend to be associated with greater species diversity (Connell and Orias, 1964; Yurkowski et 
al., 2016a). As temperate species expand poleward, biodiversity may continue to increase at lower Arctic 
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regions (Fossheim et al., 2015; Michel et al., 2012; Yurkowski et al., 2016a). Further, northward range 
expansion of pelagic fish and consequent increased grazing on phytoplankton may contribute to 
decreasing pelagic-benthic coupling in lower Arctic regions (Wassmann and Reigstad, 2011; Yurkowski 
et al., 2016a). In fact, sub-Artic capelin and sand lance now dominate the pelagic prey fish assemblage in 
the low Arctic (Provencher et al., 2012; Yurkowski et al., 2016b).  
It is important to note that the results presented here only concern a few aspects of the feeding 
niche of the Arctic prey fish and invertebrate community. Other ecological variables, such as temperature 
and other biotic interactions, including predation, also play a role in how northward redistributing versus 
native species may adapt to environmental change. But at least in terms of feeding niche and despite the 
influence of regional variation in ecological opportunity, the more generalist feeding behavior of capelin 
and sand lance, along with the documented ability of these sub-Arctic fish to shift their habitat range 
according to oceanographic conditions, suggests that capelin and sand lance may be more resilient to 
environmental change compared to sea ice-dependent Arctic cod (Falardeau et al., 2017, 2014; Rose, 
2005; Slatyer et al., 2013).  
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Tables & Figures 
Table 3.1 Isotopic-corrected (based on TP and carbon source) and fatty acid standard ellipse area for 
small sample sizes (SEAc), and trophic position (TP) and relative carbon source ranges for prey fish and 
shrimp muscle tissue collected from 2012 to 2014 in the eastern Canadian Arctic Territory of Nunavut.  
 
aFatty acid SEAc was determined from scores of PCs 1 and 2 of the PCA analysis. 
bThe number of individuals of these species for fatty acid analysis was lower. We analyzed 19 Arctic cod 
from the mid-Arctic, 10 capelin, 11 sand lance, 9 sculpin from the mid-Arctic, 4 cisco and 3 goiter 
blacksmelt. 
 
 
 
 
 
 
 
 
 
n Fatty acid 
SEAca  
Isotopic-
corrected 
SEAc 
TP 
range 
Carbon source 
range 
Arctic cod      
Mid-Arctic 20b 1.06 0.004 0.56 0.04 
High Arctic 20 1.17 0.006 0.41 0.05 
Capelin      
Low Arctic 11b 4.22 0.018 0.38 0.18 
Sand lance      
Low Arctic 13b 4.32 0.032 0.82 0.21 
Sculpin      
Low Arctic 10 1.86 - - - 
Mid-Arctic 10b 0.47 - - - 
High Arctic 10 1.32 - - - 
Northern shrimp      
Mid-Arctic 10 0.37 0.002 0.23 0.03 
Greenland cod      
Low Arctic 10 0.28 0.010 0.68 0.08 
Cisco      
Low Arctic 5b 1.77 0.068 0.38 0.31 
Goiter blacksmelt      
Mid-Arctic 4b 0.10 0.003 0.18 0.02 
  
91 
 
Table 3.2 Fatty acid niche overlapa,b for prey fish and shrimp muscle tissue collected in the low (LA), mid- (MA) and high (HA) Canadian Arctic 
regions of Nunavut from 2012 to 2014.  
 
 
aFatty acid niche overlap represented as the mean probability of Species A niche being found within the niche of Species B, based on scores of 
PCs 1-3 of the PCA analysis. Overlap probabilities correspond to 95 % niche size. 
bLow fatty acid niche overlap is shaded in light grey (1-20 %), medium in dark grey (21-49 %), and high niche overlap is shaded in dark grey and 
in bold (50-100 %). 
 
 
 
 
Species B→ 
Species A↓ 
Arctic cod 
MA 
Arctic cod 
HA 
Capelin 
LA 
Sand lance 
LA 
Cisco 
LA 
G.cod 
LA 
N.shrimp 
MA 
Sculpin 
LA 
Sculpin 
MA 
Sculpin 
HA 
Arctic cod 
MA 
 46.1 
[24.4- 69.1] 
0.2 
[0.0-1.5] 
0.3 
[0.0- 2.7] 
0 0 0 0 
0.3 
[0.0-2.5] 
0 
Arctic cod 
HA 
67.5 
[40.8-91.0] 
 0 0 0 0 0 0 0 0 
Capelin 
LA 
0 0  
41.9 
[17.8-1.7] 
0 0 0 0 0 0 
Sand lance 
LA 
0 0 
26.5 
[8.9-55.5] 
 0 0 0 0 0 0 
Cisco 
LA 
0 0 0 0  0 0 
29.6 
[0.0-95.6] 
0 
0.7 
[0.0-5.7] 
G. cod 
LA 
0 0 0 0 0  0 
25.5 
[3.9-71.5] 
0 0 
N. shrimp 
MA 
0 0 0 0 0 0  0 0 
8.1 
[0.0-43.2] 
Sculpin 
LA 
0 0 0 0 
0.6 
[0.0-1.8] 
1 
[0.0-5.0] 
0  0 0 
Sculpin 
MA 
0.5 
[0.0-3.2] 
0 0 0 0 0 0 0  
0.9 
[0.0-11.1] 
Sculpin 
HA 
0 0 0 0 0 0 
1 
[0.0-5.7] 
0 0  
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Table 3.3  Isotopic-corrected niche overlapa,b for prey fish and shrimp muscle tissue collected in the low, mid- and high Canadian Arctic regions of 
Nunavut from 2012 to 2014. 
Species B→ 
Species A↓ 
Arctic cod 
MA 
Arctic cod 
HA 
Capelin 
LA 
Sand lance 
LA 
Cisco 
LA 
G. cod 
LA 
N. shrimp 
MA 
Goiter b. 
MA 
Arctic cod 
MA 
 8.9 
[0.0-40.8] 
0 0 
17.3 
[0.6-79.4] 
0 0 
32.7 
[10.4-69.9] 
Arctic cod 
HA 
4.1 
[0.1-15.0] 
 0 0 
30.9 
[2.1-91.7] 
0 0 
1.4 
[0.0-9.2] 
Capelin 
LA 
0 0  
86.0 
[57.5-99.5] 
32.3 
[0.1-85.2] 
0.8 
[0.0-46.2] 
0 0 
Sand lance 
LA 
0 0 
75.9 
[49.2-96.3] 
 
39.0 
[0.5-88.1] 
3.2 
[0.0-2.9] 
0 0 
Cisco 
LA 
2.0 
[0.0-7.5] 
5.5 
[0.4-16.1] 
11.1 
[0.5-32.4] 
16.4 
[1.0-45.7] 
 0 
4.2 
[0.5-10.9] 
2.0 
[0.0-8.3] 
G. cod 
LA 
0 0 
6.9 
[0.0-28.3] 
2.9 
[0.0-17.5] 
0.4 
[0.0-3.1] 
 0 0 
N. shrimp 
MA 
0 0 0 0 
84.9 
[28.4-100] 
0  0 
Goiter b. 
MA 
84.9 
[45.6-100] 
5.2 
[0.0-35.8] 
0 0 
50.5 
[0.7-100] 
0 0  
aIsotopic-corrected niche overlap represented as the mean probability of Species A niche being found within the niche of Species B, based on 
trophic position and carbon sources. Overlap probabilities correspond to 95 % niche size. 
bLow isotopic niche overlap is shaded in light grey (1-20 %), medium in dark grey (21-49 %), and high niche overlap is shaded in dark grey and in 
bold (50-100 %) 
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Figure 3.1 Principal component analysis including the scores of fish and invertebrate species and fatty 
acids marker loadings (95 % ellipses). Prey fish muscle and whole invertebrates were collected from 2012 
to 2014 in the eastern Canadian Arctic Territory of Nunavut. 
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Figure 3.2 Isotopic-corrected niche sizes (95 % ellipses) based on trophic position and relative carbon 
source of prey fish and shrimp muscle tissue collected from 2012 to 2014 in the eastern Canadian Arctic 
Territory of Nunavut. 
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Figure 3.3 a) Clusters 1 to 4 based on principal component scores of fatty acid markers (PCs 1, 2 and 3) 
and b) clusters A, B and C based on mean trophic position and relative carbon sources for prey fish and 
shrimp muscle tissue collected from 2012 to 2014 in the eastern Canadian Arctic Territory of Nunavut. 
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Appendix 3 
Table A3.1a. Saturated fatty acids (SFA) profiles (mass % of total FAME) in prey fish muscle and whole invertebrate species in the low (LA), 
mid- (MA) and high (HA) regions of the eastern Canadian Arctic territory of Nunavut collected from 2012 to 2014. Results denoted as arithmetic 
mean ± SE. 
 
Arctic cod Capelin Sand lance Sculpin Northern 
shrimp 
Amphipods Greenland 
cod 
Cisco Goiter 
blacksmelt 
SFA MA HA LA LA LA MA HA MA LA MA HA LA LA MA 
12:0 0.02 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 0.06 ± 0.02 0.02 ± 0.01 0.01 ± 0.00 0.04 ± 0.00 0.07 ± 0.00 0.08 0.08 0.09 0.01 ± 0.00 0.08 ± 0.01 0.07 ± 0.01 
13:0 0.01 ± 0.00 0.01 ± 0.00 0.02 ± 0.01 0.03 ± 0.01 0.01 ± 0.00 0.04 ± 0.01 0.00 ± 0.00 0.01 ± 0.00 0.02 0.03 0.03 0.00 ± 0.00 0.01 ± 0.00 0.03 ± 0.00 
14:0 1.94 ± 0.09 2.94 ± 0.11 2.13 ± 0.38 2.08 ± 0.34 0.93 ± 0.12 0.55 ± 0.03 2.13 ± 0.12 1.52 ± 0.08 1.52 3.16 2.63 0.79 ± 0.04 1.68 ± 0.19 3.86 ± 0.17 
iso15:0 0.06 ± 0.00 0.07 ± 0.00 0.06 ± 0.01 0.10 ± 0.02 0.09 ± 0.01 0.02 ± 0.00 0.06 ± 0.00 0.05 ± 0.00 0.10 0.13 0.09 0.03 ± 0.00 0.17 ± 0.03 0.14 ± 0.00 
anti15:0 0.01 ± 0.00 0.02 ± 0.00 0.02 ± 0.01 0.06 ± 0.02 0.03 ± 0.01 0.01 ± 0.01 0.02 ± 0.00 0.02 ± 0.00 0.08 0.06 0.05 0.01 ± 0.00 0.09 ± 0.01 0.03 ± 0.00 
15:0 0.18 ± 0.00 0.20± 0.00 0.19 ± 0.01 0.22 ± 0.02 0.37 ± 0.06 0.14 ± 0.01 0.17 ± 0.00 0.26 ± 0.01 0.35 1.00 0.20 0.21 ± 0.01 0.33 ± 0.05 0.24 ± 0.00 
iso16:0 0.01 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 0.05 ± 0.01 0.07 ± 0.01 0.02 ± 0.01 0.02 ± 0.00 0.05 ± 0.00 0.07 0.02 0.03 0.03 ± 0.00 0.12 ± 0.02 0.05 ± 0.01 
16:0 14.0 ± 0.38 13.0 ± 0.38 18.1 ± 0.52 17.2 ± 0.34 15.5 ± 0.26 13.0 ± 0.32 13.2 ± 0.17 14.1 ± 0.21 14.0 6.89 13.2 16.4 ± 0.16 17.7 ± 0.35 8.17 ± 0.16 
7Me16:0 0.34 ± 0.01 0.38 ± 0.01 0.40 ± 0.02 0.32 ± 0.02 0.22 ± 0.01 0.31 ± 0.04 0.22 ± 0.01 0.11 ± 0.01 0.08 0.19 0.16 0.26 ± 0.01 0.17 ± 0.01 0.26 ± 0.01 
iso17:0 0.02 ± 0.00 0.03 ± 0.00 0.05 ± 0.01 0.11 ± 0.02 0.19 ± 0.03 0.05 ± 0.01 0.05 ± 0.00 0.11 ± 0.01 0.11 0.02 0.06 0.08 ± 0.01 0.19 ± 0.04 0.06 ± 0.01 
17:0 0.07 ± 0.00 0.07 ± 0.00 0.09 ± 0.01 0.16 ± 0.02 0.31 ± 0.02 0.13 ± 0.02 0.10 ± 0.01 0.22 ± 0.01 0.28 0.06 0.08 0.19 ± 0.01 0.22 ± 0.02 0.07 ± 0.00 
18:0 1.88 ± 0.07 1.87 ± 0.08 2.30 ± 0.42 3.01 ± 0.24 4.43 ± 0.28 4.66 ± 0.19 2.90 ± 0.12 1.65 ± 0.08 1.67 0.51 0.83 4.16 ± 0.09 3.89 ± 0.19 0.98 ± 0.01 
20:0 0.06 ± 0.01 0.08 ± 0.01 0.15 ± 0.05 0.12 ± 0.01 0.06 ± 0.01 0.10 ± 0.01 0.04 ± 0.01 0.15 ± 0.03 0.16 0.06 0.07 0.04 ± 0.00 0.11 ± 0.00 0.11 ± 0.03 
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Table A3.1b. Monounsaturated fatty acids (MUFA) profiles (mass % of total FAME) in prey fish muscle and whole invertebrate species in the low 
(LA), mid- (MA) and high (HA) regions of the eastern Canadian Arctic territory of Nunavut collected from 2012 to 2014. Results denoted as 
arithmetic mean ± SE. 
 
Arctic cod Capelin Sand lance Sculpin Northern 
shrimp 
Amphipods Greenland 
cod 
Cisco Goiter 
blacksmelt 
MUFA MA HA LA LA LA MA HA MA LA MA HA LA LA MA 
14:1n9 0.12 ± 0.01 0.21 ± 0.01 0.12 ± 0.02 0.10 ± 0.01 0.02 ± 0.01 0.04 ± 0.01 0.05 ± 0.01 0.02 ± 0.00 0.01 0.05 0.06 0.02 ± 0.00 0.05 ± 0.01 0.07 ± 0.01 
14:1n7 0.01 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.03 ± 0.01 0.02 ± 0.01 0.01 ± 0.00 0.05 ± 0.00 0.00 ± 0.00 0.01 0.02 0.03 0.01 ± 0.00 0.04 ± 0.00 0.01 ± 0.00 
14:1n5 0.04 ± 0.00 0.07 ± 0.00 0.04 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.01 ± 0.00 0.10 ± 0.01 0.02 ± 0.00 0.07 0.11 0.14 0.00 ± 0.00 0.07 ± 0.01 0.09 ± 0.00 
15:1n8 0.02 ± 0.00 0.03 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.00 0.05 0.02 0.00 ± 0.00 0.00 ± 0.00 0.03 ± 0.00 
15:1n6 0.01 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.05 ± 0.02 0.00 ± 0.00 0.02 ± 0.00 0.00 ± 0.00 0.02 0.02 0.02 0.00 ± 0.00 0.04 ± 0.01 0.02 ± 0.01 
16:1n11 0.28 ± 0.01 0.24 ± 0.00 0.24 ± 0.01 0.27 ± 0.01 0.28 ± 0.01 0.43 ± 0.02 0.31 ± 0.02 0.34 ± 0.02 0.16 0.36 0.35 0.23 ± 0.01 0.20 ± 0.01 0.51 ± 0.04 
16:1n9 0.12 ± 0.00 0.11 ± 0.00 0.10 ± 0.01 0.12 ± 0.01 0.61 ± 0.06 0.21 ± 0.02 0.40 ± 0.03 0.13 ± 0.00 0.16 0.08 0.11 0.40 ± 0.02 0.32 ± 0.02 0.08 ± 0.00 
16:1n7 8.67 ± 0.50 13.0 ± 0.53 5.07 ± 0.80 5.58 ± 1.00 6.24 ± 0.80 3.33 ± 0.29 17.7 ± 1.29 7.79 ± 0.34 4.00 19.5 17.1 2.39 ± 0.15 8.82 ± 1.17 14.3 ± 0.32 
16:1n5 0.01 ± 0.00 0.00 ± 0.00 0.04 ± 0.01 0.05 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.01 0.00 0.01 0.03 ± 0.00 0.00 ± 0.00 0.02 ± 0.01 
17:01 0.05 ± 0.00 0.06 ± 0.00 0.09 ± 0.01 0.12 ± 0.01 0.67 ± 0.17 0.07 ± 0.01 0.14 ± 0.01 0.23 ± 0.04 0.24 0.20 0.23 0.13 ± 0.01 0.33 ± 0.03 0.11 ± 0.02 
18:1n11 1.80 ± 0.06 1.70 ± 0.07 0.21 ± 0.03 0.09 ± 0.02 0.12 ± 0.03 2.37 ± 0.12 0.77 ± 0.14 0.59 ± 0.02 0.19 0.68 0.55 0.16 ± 0.03 0.03 ± 0.01 0.49 ± 0.02 
18:1n9 3.90 ± 0.10 4.42 ± 0.11 6.78 ± 0.51 6.43 ± 0.33 10.3 ± 1.05 8.27 ± 0.14 13.4 ± 0.60 11.8 ± 0.34 23.3 8.89 18.3 6.31 ± 0.29 21.3 ± 1.72 8.19 ± 0.63 
18:1n7 3.09 ± 0.05 3.29 ± 0.07 3.58 ± 0.22 3.44 ± 0.14 5.34 ± 0.25 4.40 ± 0.15 7.17 ± 0.18 6.88 ± 0.23 2.59 3.22 4.97 5.13 ± 0.12 4.93 ± 0.39 2.78 ± 0.04 
18:1n5 0.57 ± 0.01 0.73 ± 0.01 0.85 ± 0.04 0.91 ± 0.05 0.32 ± 0.03 0.53 ± 0.05 0.49 ± 0.01 0.83 ± 0.02 0.31 0.82 0.76 0.38 ± 0.02 0.34 ± 0.07 0.66 ± 0.01 
20:1n11 0.77 ± 0.03 0.89 ± 0.03 0.21 ± 0.02 0.16 ± 0.03 0.27 ± 0.04 1.23 ± 0.05 0.50 ± 0.06 0.80 ± 0.05 0.35 4.30 0.66 0.16 ± 0.02 0.31 ± 0.05 0.74 ± 0.04 
20:1n9 7.70 ± 0.51 11.6 ± 0.50 3.71 ± 0.74 1.21 ± 0.31 1.23 ± 0.21 7.03 ± 0.54 2.10 ± 0.35 4.37 ± 0.36 1.20 12.7 2.43 0.96 ± 0.10 1.32 ± 0.15 14.4 ± 0.47 
20:1n7 1.00 ± 0.08 1.40 ± 0.09 0.38 ± 0.06 0.28 ± 0.04 0.52 ± 0.07 0.81 ± 0.05 0.80 ± 0.09 0.75 ± 0.07 0.55 2.25 0.93 0.20 ± 0.02 0.77 ± 0.08 2.55 ± 0.10 
22:1n11 6.37 ± 0.54 9.97 ± 0.60 2.98 ± 0.73 0.45 ± 0.26 0.09 ± 0.07 1.30 ± 0.17 0.42 ± 0.11 2.63 ± 0.35 0.23 6.41 1.86 0.08 ± 0.02 0.01 ± 0.00 16.0 ± 0.42 
22:1n9 1.43 ± 0.12 2.18 ± 0.12 0.54 ± 0.11 0.20 ± 0.03 0.13 ± 0.02 0.43 ± 0.04 0.24 ± 0.03 0.52 ± 0.08 0.30 1.76 0.58 0.08 ± 0.01 0.22 ± 0.02 3.97 ± 0.19 
22:1n7 0.36 ± 0.03 0.51 ± 0.03 0.19 ± 0.02 0.14 ± 0.02 0.09 ± 0.01 0.13 ± 0.01 0.10 ± 0.01 0.27 ± 0.03 0.07 0.43 0.20 0.05 ± 0.01 0.13 ± 0.01 0.73 ± 0.06 
24:1n9 0.27 ± 0.01 0.37 ± 0.01 0.48 ± 0.05 0.57 ± 0.06 0.14 ± 0.02 0.32 ± 0.03 0.14 ± 0.02 0.34 ± 0.03 0.10 0.18 0.16 0.22 ± 0.02 0.23 ± 0.02 0.58 ± 0.03 
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Table A3.1c. Polyunsaturated fatty acids (PUFA) profiles (mass % of total FAME) in prey fish muscle and whole invertebrate species in the low 
(LA), mid- (MA) and high (HA) regions of the eastern Canadian Arctic territory of Nunavut collected from 2012 to 2014. Results denoted as 
arithmetic mean ± SE. 
 
Arctic cod Capelin Sand lance Sculpin Northern 
shrimp 
Amphipods Greenland 
cod 
Cisco Goiter 
blacksmelt 
PUFA MA HA LA LA LA MA HA MA LA MA HA LA LA MA 
16:2n6 0.04 ± 0.00 0.04 ± 0.00 0.02 ± 0.01 0.03 ± 0.01 0.02 ± 0.00 0.00 ± 0.00 0.04 ± 0.00 0.01 ± 0.00 0.01 0.07 0.06 0.00 ± 0.00 0.03 ± 0.00 0.05 ± 0.00 
16:2n4 0.27 ± 0.01 0.21 ± 0.01 0.34 ± 0.03 0.62 ± 0.05 0.28 ± 0.02 0.28 ± 0.04 0.15 ± 0.02 0.10 ± 0.01 0.07 0.06 0.06 0.43 ± 0.02 0.22 ± 0.03 0.46 ± 0.04 
16:3n6 0.34 ± 0.02 0.51 ± 0.03 0.16 ± 0.03 0.11 ± 0.02 0.16 ± 0.03 0.08 ± 0.01 0.46 ± 0.03 0.13 ± 0.01 0.09 0.45 0.36 0.06 ± 0.01 0.19 ± 0.03 0.44 ± 0.02 
16:3n4 0.02 ± 0.00 0.02 ± 0.00 0.03 ± 0.01 0.02 ± 0.00 0.05 ± 0.00 0.04 ± 0.01 0.03 ± 0.01 0.02 ± 0.01 0.08 0.11 0.06 0.03 ± 0.00 0.02 ± 0.01 0.02 ± 0.02 
16:4n3 0.06 ± 0.00 0.05 ± 0.00 0.09 ± 0.01 0.13 ± 0.01 0.03 ± 0.01 0.11 ± 0.01 0.05 ± 0.01 0.13 ± 0.01 0.08 0.37 0.11 0.05 ± 0.00 0.03 ± 0.00 0.11 ± 0.02 
16:4n1 0.19 ± 0.02 0.15 ± 0.02 0.04 ± 0.01 0.08 ± 0.03 0.09 ± 0.02 0.01 ± 0.00 0.16 ± 0.01 0.00 ± 0.00 0.03 0.50 0.31 0.01 ± 0.00 0.09 ± 0.03 0.43 ± 0.03 
18:2d5,11 0.02 ± 0.00 0.05 ± 0.00 0.02 ± 0.00 0.05 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.03 ± 0.01 0.05 ± 0.00 0.01 0.05 0.06 0.00 ± 0.00 0.01 ± 0.00 0.05 ± 0.01 
18:2n7 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.03 ± 0.01 0.03 ± 0.00 0.01 ± 0.00 0.03 ± 0.00 0.01 ± 0.00 0.02 0.02 0.02 0.01 ± 0.00 0.05 ± 0.00 0.02 ± 0.01 
18:2n6 0.55 ± 0.01 0.70 ± 0.01 2.10 ± 0.13 2.72 ± 0.19 2.41 ± 0.21 0.66 ±0.02 2.13 ± 0.19 0.80 ± 0.02 8.65 0.98 1.99 1.21 ± 0.08 1.98 ± 0.31 0.66 ± 0.03 
18:2n4 0.11 ± 0.00 0.14 ± 0.00 0.08 ± 0.01 0.12 ± 0.01 0.10 ± 0.01 0.05 ± 0.00 0.10 ± 0.01 0.14 ± 0.00 0.05 0.17 0.14 0.09 ± 0.01 0.13 ± 0.02 0.15 ± 0.00 
18:3n6 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.00 0.04 ± 0.00 0.02 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.04 0.00 0.00 0.03 ± 0.00 0.04 ± 0.01 0.00 ± 0.00 
18:3n4 0.05 ± 0.00 0.05 ± 0.00 0.02 ± 0.00 0.03 ± 0.00 0.08 ± 0.01 0.06 ± 0.01 0.05 ± 0.00 0.02 ± 0.00 0.10 0.05 0.07 0.05 ± 0.00 0.12 ± 0.01 0.08 ± 0.01 
18:3n3 0.18 ± 0.01 0.16 ± 0.01 0.50 ± 0.04 0.91 ± 0.11 0.66 ± 0.07 0.11 ± 0.01 0.42 ± 0.05 0.25 ± 0.01 2.59 0.31 0.89 0.32 ± 0.02 0.79 ± 0.08 0.32 ± 0.02 
18:3n1 0.03 ± 0.00 0.02 ± 0.00 0.03 ± 0.00 0.09 ± 0.01 0.08 ± 0.02 0.04 ± 0.01 0.02 ± 0.00 0.02 ± 0.00 0.02 0.01 0.01 0.06 ± 0.00 0.06 ± 0.02 0.07 ± 0.00 
18:4n3 0.50 ± 0.03 0.37 ± 0.03 0.40 ± 0.06 1.04 ± 0.21 0.46 ± 0.05 0.12 ± 0.02 0.51 ± 0.04 0.16 ± 0.01 1.24 1.46 1.17 0.26 ± 0.02 0.62 ± 0.05 0.66 ± 0.04 
18:4n1 0.16 ± 0.01 0.13 ± 0.01 0.06 ± 0.01 0.05 ± 0.01 0.02 ± 0.01 0.24 ± 0.02 0.06 ± 0.02 0.09 ± 0.02 0.14 0.38 0.11 0.02 ± 0.01 0.17 ± 0.00 0.23 ± 0.02 
20:2n9 0.15 ± 0.01 0.17 ± 0.01 0.23 ± 0.03 0.24 ± 0.03 0.03 ± 0.00 0.17 ± 0.03 0.05 ± 0.01 0.15 ± 0.04 0.08 0.20 0.08 0.02 ± 0.00 0.04 ± 0.01 0.22 ± 0.05 
20:2n6 0.33 ± 0.03 0.29 ± 0.02 0.43 ± 0.08 0.43 ± 0.06 0.49 ± 0.05 0.46 ± 0.05 0.46 ± 0.03 0.60 ± 0.07 1.30 0.24 0.38 0.50 ± 0.04 0.63 ± 0.07 0.31 ± 0.10 
20:3n6 0.09 ± 0.01 0.08 ± 0.00 0.02 ± 0.01 0.05 ± 0.01 0.19 ± 0.02 0.15 ± 0.01 0.16 ± 0.01 0.07 ± 0.01 0.33 0.05 0.16 0.20 ± 0.05 0.27 ± 0.02 0.07 ± 0.01 
20:4n6 0.68 ± 0.03 0.49 ± 0.03 0.62 ± 0.07 0.92 ± 0.09 5.79 ± 0.35 5.60 ± 0.54 1.71 ± 0.10 1.74 ± 0.07 7.61 0.23 1.26 5.72 ± 0.34 1.83 ± 0.33 0.28 ± 0.02 
20:3n3 0.08 ± 0.01 0.05 ± 0.01 0.15 ± 0.04 0.13 ± 0.02 0.29 ± 0.05 0.11 ± 0.02 0.12 ± 0.02 0.14 ± 0.02 0.46 0.06 0.13 0.20 ± 0.01 0.23 ± 0.02 0.10 ± 0.03 
20:4n3 0.39 ± 0.01 0.26 ± 0.01 0.37 ± 0.01 0.59 ± 0.04 0.39 ± 0.03 0.27 ± 0.02 0.29 ± 0.02 0.28 ± 0.02 0.41 0.55 0.31 0.37 ± 0.02 0.58 ± 0.05 0.62 ± 0.05 
20:5n3 18.3 ± 0.44 11.9 ± 0.51 14.7 ± 0.70 16.6 ± 0.54 18.8 ± 1.03 15.9 ± 0.76 14.9 ± 0.60 20.8 ± 0.39 14.5 11.9 15.8 18.9 ± 0.24 7.81 ± 0.37 7.38 ± 0.43 
21:5n3 0.28 ± 0.00 0.22 ± 0.01 0.24 ± 0.02 0.26 ± 0.02 0.19 ± 0.02 0.09 ± 0.01 0.20 ± 0.01 0.18 ± 0.01 0.12 0.22 0.27 0.17 ± 0.01 0.23 ± 0.03 0.21 ± 0.01 
22:4n6 0.02 ± 0.00 0.01 ± 0.00 0.02 ± 0.01 0.10 ± 0.03 0.88 ± 0.19 0.25 ± 0.04 0.09 ± 0.01 0.10 ± 0.01 0.23 0.01 0.04 1.14 ± 0.12 0.51 ± 0.09 0.08 ± 0.03 
22:5n6 0.14 ± 0.01 0.14 ± 0.01 0.21 ± 0.02 0.29 ± 0.02 0.34 ± 0.02 0.42 ± 0.03 0.17 ± 0.01 0.15 ± 0.01 0.15 0.15 0.09 0.33 ± 0.01 0.25 ± 0.02 0.17 ± 0.03 
22:4n3 0.04 ± 0.01 0.04 ± 0.00 0.02 ± 0.01 0.06 ± 0.02 0.04 ± 0.01 0.02 ± 0.01 0.02 ± 0.00 0.05 ± 0.02 0.03 0.02 0.06 0.02 ± 0.01 0.06 ± 0.01 0.08 ± 0.02 
22:5n3 1.76 ± 0.06 1.20 ± 0.06 0.98 ± 0.07 0.93 ± 0.04 2.67 ± 0.19 2.68 ± 0.13 1.39 ± 0.09 1.13 ± 0.06 0.93 0.76 0.58 2.45 ± 0.19 2.76 ± 0.13 0.93 ± 0.08 
22:6n3 20.0 ± 0.93 13.0 ± 0.81 28.9 ± 2.13 29.6 ± 2.33 16.4 ± 1.55 21.9 ± 0.54 12.3 ± 1.01 15.7 ± 0.42 8.01 5.76 8.10 27.8 ± 0.75 15.8 ± 2.77 5.34 ± 0.22 
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Table A3.2. Cluster results from Ward’s clustering and principal component analysis based on average 
fatty acid profiles for prey fish and shrimp muscle tissue collected from 2012 to 2014 in the eastern 
Canadian Arctic Territory of Nunavut. 
FA cluster group Species Fatty 
Acid 
v-test* p-value 
Cluster 1 Amphipod-MA, goiter blacksmelt 
20:1n7 3.21 0.001 
16PUFA 2.99 0.003 
Calanus 2.79 0.005 
14:0 2.48 0.013 
16:0 -2.99 0.003 
Cluster 2 Amphipod-LA 
18:2n6 3.36 0.001 
18:3n3 3.27 0.001 
20:4n6 2.11 0.035 
18:1n9 2.11 0.035 
Cluster 3 
Cisco, sculpin-LA, sculpin-MA, sculpin-HA, 
Greenland cod 
22:5n3 3.09 0.002 
18:0 3.08 0.002 
18:1n7 2.01 0.044 
14:0 -2.30 0.021 
18:1n5 -2.54 0.011 
Cluster 4 
Northern shrimp, amphipod-HA, capelin, sand 
lance, Arctic cod-MA, Arctic cod-HA 
18:1n5 2.53 0.012 
*Clusters 1-4 are characterized by the highest to lowest proportions of FA represented by highest (+) to 
lowest (-) v-test values 
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Table A3.3. Arithmetic mean (± SE) of biological and ecological variables in prey fish and shrimp muscle 
tissue collected from 2012 to 2014 in the eastern Canadian Arctic Territory of Nunavut. 
*Standard ellipse area for small sample sizes (SEAc) calculated based on δ15N and δ13C species signatures 
and corrected for small sample sizes. 
 
 
 
Lipid 
content 
(%) 
Length 
(mm) 
δ15N 
‰ 
NR 
‰ 
δ13C 
‰ 
CR 
‰ 
Trophic 
position 
Relative 
carbon 
source 
SEAc* 
‰2 
Arctic cod          
Mid-Arctic 1.80 
(0.17) 
135 
(8) 
14.9 
(0.11) 
2.15 -20.7  
(0.04) 
0.67 2.96 
(0.03) 
1.08 
(0.00) 
0.30 
High Arctic 2.57 
(0.22) 
148 
(3) 
15.2 
(0.10) 
1.55 -19.9  
(0.06) 
0.87 3.08 
(0.03) 
1.12 
(0.00) 
0.38 
Capelin          
Low Arctic 1.50 
(0.26) 
104 
(3) 
14.7 
(0.15) 
1.41 -21.0  
(0.25) 
3.12 3.73 
(0.04) 
1.27 
(0.01) 
1.10 
Sand lance          
Low Arctic 1.23 
(0.24) 
96.8 
(2.6) 
14.2  
(0.21) 
3.13 -21.6  
(0.25) 
3.54 3.61 
(0.05) 
1.30 
(0.01) 
2.06 
Sculpin          
Low Arctic 0.83 
(0.10) 
197 
(10) 
15.7  
(0.27) 
3.02 -16.6  
(0.57) 
4.69 3.99 
(0.07) 
1.00 
 
5.70 
Mid-Arctic 0.42 
(0.09) 
127 
(8) 
18.05 
(0.16) 
1.46 -19.13 
(0.16) 
1.87 3.80 
(0.04) 
1.00 
 
0.96 
High Arctic 1.71 
(0.09) 
148 
(9) 
16.05 
(0.10) 
1.17 -17.72  
(0.14) 
1.51 3.31 
(0.03) 
1.00 
 
0.51 
Northern shrimp          
Mid-Arctic 1.22 
(0.10) 
~ 100 15.8  
(0.08) 
0.84 -19.0  
(0.07) 
0.55 3.21 
(0.02) 
0.99 
(0.00) 
0.15 
Amphipods          
Low Arctic 1.32 - 
 
10.0 - -16.5 - 2.5 
 
0.99 - 
Mid-Arctic 6.24 - 
 
13.1 - -21.4 - 2.5 
 
1.12 - 
High Arctic  1.80 
(0.09) 
- 
 
13.0 
(0.25) 
- -17.3 
(0.70) 
- 2.5 0.98 
(0.04) 
- 
Greenland cod          
Low Arctic 0.76 
(0.06) 
305 
(21) 
18.0  
(0.25) 
2.60 -18.9  
(0.12) 
1.40 4.60 
(0.06) 
1.14 
(0.01) 
0.66 
Cisco          
Low Arctic 3.40 
(1.25) 
 
346 
(8) 
 
13.4  
(0.27) 
1.43 -18.15 
(0.92) 
5.05 3.39 
(0.09) 
 
1.12 
(0.06) 
 
4.29 
Goiter blacksmelt          
Mid-Arctic 8.77  
(0.19) 
108  
(11) 
15.5 
(0.13) 
0.69 -20.6  
(0.08) 
0.40 3.13  
(0.04) 
1.07  
(0.00) 
0.21 
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Figure A3.1. Comparison of isotopic-niche sizes (95 % ellipses) before (left) and after (right) length-
correcting trophic position and carbon source for Greenland cod, and trophic position for capelin. Fish 
and shrimp muscle tissue was collected from 2012 to 2014 in the eastern Canadian Arctic Territory of 
Nunavut.  
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Figure A3.2. Principal component analysis of 14 fish and invertebrate species (individuals) and fatty acids 
markers (variables) of dimensions 1 and 3. Prey fish and shrimp muscle tissue collected from 2012 to 
2014 in the eastern Canadian Arctic Territory of Nunavut. 
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Blubber-depth distribution and bioaccumulation of PCBs and organochlorine pesticides in Arctic-
invading killer whales 3 
 
Abstract 
Sightings of killer whales (Orcinus orca) in Greenland have increased in recent years, coincident 
with sea ice loss. These killer whales are likely from fish-feeding North Atlantic populations but may 
have access to marine mammal prey in Greenlandic waters, which could lead to increased exposures to 
biomagnifying contaminants. Most studies on polychlorinated biphenyl (PCB) and organochlorine (OC) 
contaminants in killer whales have used biopsies which may not be representative of contaminant 
concentrations through the entire blubber depth. Here, we measured PCB and OC concentrations in 10 
equal-length blubber sections of 18 killer whales harvested in southeast Greenland (2012-2014), and 3 
stranded in the Faroe Islands (2008) and Denmark (2005). Overall, very high concentrations of ΣPCB, 
Σchlordanes (ΣCHL), and Σdichlorodiphenyltrichloroethane (ΣDDT) were found in the southeast 
Greenland and Denmark individuals (means of ~40 to 70 mg kg-1 lipid weight). These concentrations 
were higher than in the Faroe Island individuals (means of ~2 to 5 mg kg-1 lipid weight) and above those 
previously reported for other fish-feeding killer whales in the North Atlantic, likely in part due to 
additional feeding on marine mammals. On a wet weight basis, concentrations of all contaminants were 
significantly lower in the outermost blubber layer (0.15-0.65 cm) compared to all other layers (p < 0.01), 
except for Σhexachlorocyclohexanes. However, after lipid correction, no variation was found for ΣCHL 
and Σchlorobenzene concentrations, while the outermost layer(s) still showed significantly lower ΣPCB, 
ΣDDT, Σmirex, Σendosulfan, and dieldrin concentrations than one or more of the inner layers. Yet, the 
                                                     
3 This chapter has been published in Science of the Total Environment and can be accessed at 
http://dx.doi.org/10.1016/j.scitotenv.2017.05.193. Pedro, S., Boba, C., Dietz, R., Sonne, C., Rosing-Asvid, A., 
Hansen, M., Provatas, A., McKinney, M.A., 2017a. Blubber-depth distribution and bioaccumulation of PCBs and 
organochlorine pesticides in Arctic-invading killer whales. Sci. Total Environ. 601–602, 237–246. 
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magnitude of these differences was low (up to 2-fold) suggesting that a typical biopsy may be a 
reasonable representation of the PCB and OC concentrations reported in killer whales, at least on a lipid 
weight basis. 
 
Introduction 
Distribution of killer whales (Orcinus orca) into Arctic and sub-Arctic marine waters has 
historically been limited by sea ice cover (Reeves and Mitchell, 1988). However, with recent declines in 
sea ice extent, some killer whales appear to be expanding their ranges northward and/or extending the 
period of time spent within these environments, as documented in the eastern Canadian Arctic/sub-Arctic 
(Higdon et al., 2014, 2012), southeast Greenland (A. Rosing-Asvid, personal observation) and possibly 
the Chukchi Sea (Clarke et al., 2013). Yet, the movements and feeding ecology of killer whales within 
these waters and in North Atlantic regions are poorly known (Foote et al., 2010; Higdon et al., 2012). 
Observations of small killer whale groups (<10 individuals) attacking and feeding on diverse marine 
mammals suggest that these may be their main prey in the Canadian Arctic (Ferguson et al., 2012; Higdon 
et al., 2012; Reinhart et al., 2013). Such smaller foraging groups averaging five individuals are typical in 
the Northeast Pacific for the ‘transient’ ecotype that feeds primarily on marine mammals; in contrast, the 
fish-eating ‘resident’ ecotype in the Northeast Pacific forages in groups of up to 100 individuals (Herman 
et al., 2005; Higdon et al., 2012). Similarly, in the Northeast Atlantic, there appears to be smaller groups 
of marine-mammal specialists and larger groups that mainly forage on fish (Beck et al., 2012; Foote et al., 
2010, 2009). Evidence suggests, however, that the Northeast Atlantic fish-feeders may be more generalist 
in nature, sometimes switching foraging strategy to hunt marine mammals (Beck et al., 2012; Foote et al., 
2009; Vongraven and Bisther, 2013). It is thus possible that predation on marine mammals occurs during 
the open water season in the Arctic, after which killer whales migrate south to sub-Arctic and North 
Atlantic regions, where they might be feeding on other prey species, depending on availability (Lawson 
and Stevens, 2013; Matthews et al., 2011; Matthews and Ferguson, 2014). In fact, variation in nitrogen 
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stable isotopes and relatively depleted carbon signatures suggests that some Canadian Arctic killer whales 
may forage consistently at lower latitudes, possibly indicating a different over-wintering range (Matthews 
and Ferguson, 2014). Further evaluation of their foraging ecology in apparently new Arctic habitats is 
warranted.   
Killer whale predation on various Arctic marine mammal species (Ferguson et al., 2012; Reinhart 
et al., 2013) may represent a shift in the frequency with which killer whales feed on prey higher in the 
food web, and consequently lead to increases in their exposures to biomagnifying persistent organic 
pollutants (POPs). High body burdens of POPs, such as polychlorinated biphenyls (PCBs), are thought to 
be a major threat to certain killer whale populations, as documented in the Northeast Pacific and 
Northeast Atlantic (Jepson and Law, 2016; Jepson et al., 2016; Ross et al., 2000). POPs are synthetic 
organic compounds and industrial by-products, including the PCBs and organochlorine pesticides, such as 
DDT, some of which have been banned under national and international regulations (e.g., the Stockholm 
Convention; United Nations Environmental Programme, 2009). Yet, due to their persistence, tendency to 
bioaccumulate and biomagnify, and long-range transport potential, they continue to be present in the 
environment (Letcher et al., 2010). Dietary habits have been suggested to contribute to the particularly 
elevated contaminant concentrations in threatened killer whale populations. For instance, in the Northeast 
Pacific, blubber PCB levels measured in marine mammal-feeding transients were about five to 20 times 
higher than those in fish-feeding northern residents (previous dietary studies based on stomach contents 
(Ford et al., 1998)) (Buckman et al., 2011; Ross et al., 2000).  
Determination of POP concentrations in killer whales has nearly exclusively been based on 
blubber biopsies (Fossi et al., 2014; McHugh et al., 2007; Ross et al., 2000). Yet, biopsies generally 
consist of the top 2 cm of blubber tissue which, in killer whales, may represent a small fraction of the total 
blubber depth (Krahn et al., 2004). In cetaceans, blubber tissues exhibit stratification in lipid composition 
associated with diet and thermoregulation (Budge et al., 2006; Parry, 1949). For example, harbor 
porpoises (Phocoena phocoena) have up to four times higher concentrations of dietary fatty acids in more 
inner layers compared to outer layers, which are mostly comprised of more structural fatty acids (Budge 
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et al., 2006). This stratification can potentially affect how lipophilic contaminants are distributed through 
the blubber depth (Krahn et al., 2004). Inconsistent variation of ΣPCB and ΣDDT concentrations among 
the inner, middle and outer blubber layers was previously reported for killer whales in the Northeast 
Pacific (Krahn et al., 2004), and between inner and outer layers of other cetaceans of different sexes and 
locations (Aguilar and Borrell, 1991; Krahn et al., 2004; Waugh et al., 2014). Yet, previous studies have 
used a very limited number of individuals (three killer whales in Krahn et al. (2004)) and rather coarse-
scale analysis, i.e. three or fewer blubber subsections. A fine-scale analysis with a larger number of 
individuals is required to determine the efficacy of blubber biopsies in evaluating POPs exposures and 
potential health effects in killer whales. 
In this study, full-depth blubber samples from 18 killer whales were opportunistically collected 
during incursions into sub-Arctic coastal waters off southeastern Greenland over the period of 2012-14, 
while a few other samples were collected in earlier years from Faroe Islands (2 in 2008) and Denmark (1 
in 2005). The specimens provided a unique opportunity for the first fine-scale evaluation of blubber-depth 
(0.15 to 0.65 cm layers) profiles of PCB and OC pesticide concentrations in cetaceans. With a larger 
sample size obtained here compared to previous studies of blubber stratification in killer whales (Krahn et 
al., 2004), we were able to additionally assess the influence of sex/age class (including two fetuses) and 
lipid content on blubber POPs profiles. Considering that some of these individuals only had marine 
mammal remains in their stomachs, we tested our hypothesis that overall blubber POP concentrations are 
higher in these killer whales than in fish-feeding killer whales elsewhere due to marine mammal 
consumption. Second, based on the lipophilic properties of POPs and results from previous studies of 
whale blubber (Aguilar and Borrell, 1991; Waugh et al., 2014), we hypothesized that POP concentrations 
through the blubber depth vary with lipid content and sex/age class. 
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Methods 
Sample collection  
Twenty-one killer whales were sampled: one individual was stranded in Denmark in 2005, two in 
the Faroe Islands in 2008, and 16 were sampled opportunistically (two of which were pregnant, and the 
fetuses were also sampled) after being harvested for subsistence by local communities in southeast 
Greenland from 2012-2014 (Figure 4.1). Aboriginal subsistence whaling in Greenland and elsewhere is 
permitted by the International Whaling Commission (see Supporting Information; Reeves (2002)).  From 
the dorsal region of each individual, a full-depth blubber sample was collected with skin attached (to 
determine directionality in the laboratory). Samples were stored at -20°C to -80°C until the time of 
analysis. Additional biological information was taken for some of these individuals, including sex/age 
class, body length, and stomach contents (Table 4.1). The sex of the individuals was determined visually 
by identifying the sexual organs and, for adult killer whales, by confirming the size of the dorsal fin 
(larger in males than females; Baird, 2001). Age class was determined based on sexual maturity and 
animal size, i.e., by examining the sexual organs at flensing/dissection and confirming with individual 
length (Duffield et al., 1995; Perrin, 1982). For some animals, age determination was based on local 
knowledge. The two pregnant Greenlandic killer whales (48335 and 48338) had fetuses at apparently 
different gestational stages, based on fetal length (Table 4.1) and blubber development. The fetus of 
48335 (49341) was at a more advanced gestational stage compared to that of 48338 (48342), and possibly 
close to birth (length at birth reported 208-272 cm for killer whales; Perrin and Reilly 1984). 
 
Chemical analysis  
We performed sample extractions and analysis at the Center for Environmental Science and 
Engineering, University of Connecticut. First, wet full blubber depth samples were divided into ten equal-
length sections of ~0.3-0.4 g each, with the innermost section 1 being closest to the muscle and the 
outermost section 10 being closest to the skin (Figure A4.1). Hence, the sections sampled varied from 
0.15 to 0.65 cm dependent of the blubber thickness. We analyzed samples for ƩPCB (40 congeners 
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including CB 18, 31/28, 44, 47/48/49/52, 66, 70/76, 74, 85, 87, 95, 99, 101/90, 105, 110, 118, 128, 130, 
138, 146, 149, 151, 156, 157, 153, 170/190, 179, 180, 183, 184, 187, 195, 206, and 209) and OC 
pesticides including Σchlorobenzenes (ƩClBz: 1,2,4,5-tetraClBz, 1,2,3,4-tetraClBz, PeClBz and 
hexachlorobenzene (HCB)), Σhexachlorocyclohexanes (ƩHCH: α-, β-hexachlorocyclohexanes), 
Σchlordanes (ƩCHL: cis-nonachlor, trans-nonachlor, cis-chlordane, trans-chlordane, oxychlordane, 
heptachlor and heptachlor epoxide), aldrin, Ʃendosulfan (α-, β-endosulfan), ƩDDT (p,p-DDE, p,p-DDD, 
p,p-DDT), dieldrin, Ʃmirex (mirex, photomirex) and methoxychlor. We accurately weighed (four decimal 
places) and then extracted the samples using established procedures (McKinney et al., 2011). Briefly, 
each sample was homogenized with diatomaceous earth (HydromatrixTM), followed by spiking with the 
deuterated surrogates: 1,2,4,5-tetrachlorobenzene-d2, and 2,5-dichlorobiphenyl-d5, 2,3,4,5,6 
pentachlorobiphenyl-d5, and 2,3,3',4,4',5 hexachlorobiphenyl-d3. Extraction proceeded using an 
accelerated solvent extraction (ASE) system with 1:1 dichloromethane:hexane for 3 cycles at 1500 psi 
and 100ºC. A 10% portion of the extract was used to determine lipid content gravimetrically. Extracts 
were filtered and purified by gel permeation chromatography and solid-phase extraction polar cartridges. 
We monitored concentrated extracts for PCBs and OCs using a gas chromatograph coupled with a 
Quattro Micro tandem mass spectrometer (GC-MS/MS) system on a Rxi-5Sil MS GC column (30 m 
length column of 0.25 mm I.D., 0.25 µm film thickness (Restek Corporation, PA, USA) (Provatas et al., 
2014), and used Waters MassLynxTM software v. 4.1 (Milford, MA, USA) for data acquisition and 
processing. PCBs were monitored by multiple-reaction monitoring (MRM), while OCs were monitored 
by selected ion monitoring (SIM). Reagent blanks, recovery standards and calibration standards were run 
in the beginning and every 15 samples. The standard reference material NIST-1945 (whale blubber) was 
extracted with each batch of samples. We reported contaminant concentrations on a mg kg-1 lipid weight 
basis. 
Accuracies of ΣPCB and ΣOC, calculated as Relative Error, were within 20 ± 17% and 27 ± 11%, 
respectively, of the certified values for NIST-1945 (n = 16; Table A4.1). Surrogates spiked into samples 
showed recoveries of 77 ± 13% (1,2,4,5-tetraClBz) and 90 ± 20% (PCBs). The method limit of 
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quantification was set to 10x the signal-to-noise ratio (McKinney et al., 2011) for each POP and ranged 
from 2.5 to 27 ng g-1 for PCBs and from 0.7 to 53 ng g-1 for OCs. Blanks were below the detection limit 
for PCBs and most OC compounds, although heptachlor and heptachlor epoxide were occasionally 
detected, and thus were blank subtracted on a batch-by-batch basis. We also found trace concentrations of 
p,p’-DDE, oxychlordane and trans-nonachlor in a few blanks. However, levels in blanks were more than 
ten times lower than the concentrations in our samples and thus blank subtraction was not performed for 
these analytes. Due to low recoveries for PCBs (67 ± 14 %) and ClBz (70 ± 11 %) in NIST-1945, 
concentrations of these contaminants but no other OCs, were recovery-corrected.  
 
Statistical analysis  
All contaminant groups were detected in more than 70% of all blubber samples. Prior to 
inferential statistical analysis, contaminant concentrations were natural log-transformed to meet normality 
requirements of linear models. All statistical analyses were performed using R software version 3.3.1 (R 
Core Team, 2018) and statistical significance was considered at p < 0.05. 
Due to the sample size of just a few individuals in Denmark and the Faroe Islands, we only 
assessed the influence of sex/age class for killer whales sampled in southeast Greenland. Within this 
group, the sample sizes were sufficient to statistically compare adult females and sub-adults. For that, we 
used general linear models (one-way ANOVA) on contaminant concentrations. Because lipid content was 
significantly related to wet weight contaminant concentrations in blubber layers (p < 0.001), we lipid 
corrected the data, i.e. reporting concentrations as mg kg-1 lipid weight, for this analysis. We additionally 
compared the proportions of individual contaminants within major contaminant groups, among adult 
females and sub-adults using the same statistical analysis on arcsine transformed data.  
Differences in contaminant concentrations among blubber layers were assessed including 
individuals from all locations. However, we did not include fetuses because we observed a different color 
and/or texture in their blubber, possibly indicating incomplete development. To evaluate the influence of 
lipid content on wet weight contaminant concentrations among blubber layers we used mixed effects 
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models with repeated measures analysis of variance (repeated measures ANOVA) with the package lme4 
(Bates et al., 2014). We included each contaminant or sum (Σ) contaminant concentration as the 
dependent variable, lipid percentage as a fixed effect and each killer whale individual as the random 
effect.  
To evaluate differences among layers we used the same approach as for lipid content, but with 
layer as fixed effects instead and contaminants on a lipid weight basis, followed by post-hoc Tukey’s 
honestly significant difference tests. To verify if sex/age class (i.e. adult females or sub-adults) influenced 
contaminant concentrations among layers, we added this variable and possible interactions, to the 
previous model as fixed effects.  
Principal component analysis (PCA) of log transformed and standardized (data was subtracted by 
respective means and divided by the standard deviations) individual PCB and OC analytes on a lipid 
weight basis, was used to visualize the two-dimensional distribution of samples of southeast Greenland 
killer whales. We excluded killer whales from Denmark and the Faroe Islands from the PCA to facilitate 
visualization, since concentrations of contaminants in killer whales from these locations were distributed 
further from southeast Greenland in the PCA plot.   
 
Results and Discussion 
PCB and OC concentrations in Northeast Atlantic killer whales  
For all killer whales in this study, three contaminant classes dominated the blubber profiles at 
mean concentrations of ~40-60 mg kg-1 lipid weight (lw), specifically, ΣPCB, ΣDDT and ΣCHL (Table 
4.2). Lower mean concentrations in the range of 1-10 mg kg-1 lw were found for ΣClBz, Σendosulfan, 
dieldrin, and Σmirex, while the lowest concentrations were found for ΣHCH (<0.1 mg kg-1 lw). All 
individual contaminants were detected in each killer whale, with the exceptions of aldrin, methoxychlor 
and β-endosulfan not being detected in any individuals and 1,2,3,4-TeClBz, heptachlor and CBs18, 70/76, 
110, 157, 184, 195, 206 and 209 being below the detection limit for more than 30% of the individuals.   
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Concentrations of PCBs and OCs in Greenland killer whales varied compared to those found in 
Denmark and the Faroe Islands, and in other North Atlantic regions. Among the three study locations, 
PCB and OC concentrations were higher in the only individual sampled in Denmark and the southeast 
Greenland individuals relative to the two Faroe Islands individuals (Table 4.2). Although statistical 
comparisons were not possible due to low sample sizes for Denmark and the Faroe Islands, higher 
concentrations in the newborn individual from Denmark are likely related to differences in age class. 
Newborns tend to have higher burdens of POPs than adults and sub-adults due to substantial transfer 
through mothers milk (Haraguchi et al., 2009; Krahn et al., 2009; Ylitalo et al., 2001). Comparing the 
Faroe Islands and Greenland, we found POP concentrations of more than an order of magnitude lower in 
Faroese whales compared to those of both the adult female and sub-adult killer whales sampled in 
southeast Greenland. Similarly, the southeast Greenland killer whales showed almost three times higher 
ΣPCB concentrations, and six times higher ΣCHL concentrations, than killer whales biopsied in Norway 
in 2002, with reported ΣPCB values of 27.0 mg kg-1 lw and ΣCHL of 6.70 mg kg-1 lw (Wolkers et al., 
2007). Conversely, ΣPCB concentrations were three times higher in northeast Atlantic (177 mg kg-1 lw) 
and four times higher in the UK and Ireland adult females (225 mg kg-1 lw) sampled from 1990-2012 
(Jepson et al., 2016), compared to southeast Greenland adult females.  
The southeast Greenland killer whales showed higher or lower levels of ΣPCB, ΣDDT, and 
ΣCHL relative to those previously reported for conspecifics outside the North Atlantic (Bachman et al., 
2014; Krahn et al., 2009; McHugh et al., 2007). Higher ΣPCB and ΣCHL concentrations were found in 
Greenland killer whales (48.6-102 mg kg-1 lw and 10.2-65.9 mg kg-1 lw, respectively) compared to the 
southern resident ecotype in the northeast Pacific (37.3 mg kg-1 lw and 6.1 mg kg-1 lw, respectively) 
biopsied in 2007 (Krahn et al., 2009). In contrast, average ΣPCB concentrations (347 mg kg-1 lw) in the 
transient northeast Pacific ecotype killer whales biopsied from 2003-2007 (Buckman et al., 2011) were 
five times higher than in the southeast Greenland killer whales, while ΣDDT concentrations (2,850 mg kg-
1 lw) in two transient northeast Pacific killer whales stranded in 2002-2003 were nearly 55 times higher 
compared to southeast Greenland (Krahn et al., 2004).  
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Temporal and spatial variation in environmental concentrations of these contaminants may have 
contributed to the observed differences in PCB and OC concentrations among North Atlantic and 
northeast Pacific killer whales. Concentrations of several legacy organic pollutants such as DDTs, have 
been declining in Arctic marine species since restrictions to the mass production of these chemicals (Rigét 
et al., 2010) which would result in lower concentrations of these contaminants in killer whales sampled 
more recently. However, this is not consistent with higher concentrations found in southeast Greenland 
killer whales compared to other previous studies. Further, Jepson et al. (2016) found extremely high 
ΣPCB concentrations for killer whales sampled across the northeast Atlantic, irrespective of year of 
sampling, which they associated at least in part with proximity to highly industrialized areas. Thus, spatial 
variation in environmental concentrations of organic pollutants may explain the higher concentrations 
found in killer whales in European waters compared to those sampled in southeast Greenland.  
Despite these factors, differences in diet seem to be a more likely explanation for the variation in 
contaminant concentrations among these killer whales. For example, the killer whale population in 
Norway is assumed to specialize on Norwegian spring-spawning herring (Clupea harengus), while 
evidence indicates that resident killer whales in the northeast Pacific feed largely on salmonid species, 
specifically Chinook salmon (Oncorhynchus tshawytscha; Similä et al. 1996; Ford et al. 1998; Ross et al. 
2000). Northeast Pacific transients, conversely, specialize on marine mammals of various species (Ford et 
al., 1998; Ross et al., 2000). Hence, the marine mammal remains found in the stomachs of some killer 
whales in the current study (Table 4.1) and the observed contaminant concentrations intermediate 
between those of fish-eating killer whale populations and marine mammal-eaters, suggest that our killer 
whales may feed both on marine mammals and fish. However, we speculate that Greenland killer whales 
may feed more frequently on fish given the relatively larger difference in contaminant concentrations 
between resident and transient killer whales in the northeast Pacific (10 times lower in the resident fish-
eaters) compared to the differences between Norway and Greenland killer whales (two to three times 
lower in the Norwegian fish-eaters). A seasonal change in diet to a larger proportion of marine mammals, 
possibly in Arctic and sub-Arctic waters, may explain the contaminant concentrations observed in 
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southeast Greenland. These results are consistent with previous observations of killer whales switching 
hunting strategies to predate both on seals and herring in Norwegian and Icelandic waters (Samarra et al., 
2017; Vongraven and Bisther, 2013) and with reported varying stable isotope signatures found for killer 
whales across the North Atlantic (Foote et al., 2009; Samarra et al., 2017). In fact, based on variation in 
nitrogen stable isotope ratios, in addition to differences in body size and tooth wear, Foote et al. (2009) 
suggested two ecotypes of killer whales with distinct diets inhabiting the North Atlantic. Further work 
using fine-scale ecological tracers, such as fatty acid signatures, is now underway on the southeast 
Greenland killer whales to better understand their diet and consequent POP bioaccumulation in these 
apparently new habitats.  
 
Potential health effects 
 Mean concentrations of ΣPCBs in southeast Greenland and Denmark killer whales were above 
the effects threshold of 9.0 mg kg-1 lw (used for ΣPCB by Jepson et al. (2016) based on Kannan et al. 
(2000) for Aroclor 1254) at which physiological effects, such as variation in thyroid hormone 
concentrations, were observed in experimental marine mammal studies. The PCB concentrations were 
also above the higher PCB threshold of 41.0 mg kg-1 lw (similarly calculated based on Helle et al. (1976) 
for Clophen 50) associated with reproductive impairment in ringed seals from the Baltic Sea. In fact, 
these contaminants have likely contributed to decreasing reproductive success of killer whale populations 
in industrialized areas, such as Gibraltar, Northwest Scotland and Western Ireland and to their 
disappearance from the Netherlands coast (Jepson et al., 2016). In addition, ΣPCB concentrations in 
southeast Greenland killer whales were above the effect thresholds associated with immunosuppression in 
beluga whales (Delphinapterus leucas) and bottlenose dolphins (Tursiops truncatus) tested using in vitro 
exposures (De Guise et al., 1998; Desforges et al., 2016; Mori et al., 2006), which may increase their 
susceptibility to infectious disease. Besides the effects on killer whale populations, highly biomagnifying 
organic contaminants are of concern to local communities harvesting the southeast Greenland killer 
whales for subsistence in the Arctic. Although the consequences of this exposure are not known, the 
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harvesting and subsequent dietary exposure for humans is likely to increase in Greenland and other Arctic 
regions with the increasing presence of killer whales (Higdon et al., 2014, 2012).  
 
PCB and OC patterns in Faroe Islands and southeast Greenland killer whales  
Proportions of individual PCBs relative to ΣPCB and of individual CHLs relative to ΣCHL varied 
among sex/age classes of southeast Greenland killer whales (Figure 4.2). Specifically, the proportion of 
tetra-PCBs was significantly higher in sub-adults (n = 9) compared to adult females (n = 6; p = 0.04). In 
addition, the proportions of heptachlor epoxide and oxychlordane were significantly higher in sub-adults 
(p < 0.01), while trans-nonachlor was significantly higher in adult females (p = 0.01). These differences 
are likely related to offload of contaminants by females during reproduction (Haraguchi et al., 2009; Ross 
et al., 2000; Ylitalo et al., 2001), discussed in sections 3.4 and 3.5. Nevertheless, the magnitude of the 
differences among sex/age classes was generally not large.  
We found more substantial variation in the proportions of individual compounds relative to the 
sum-class in southeast Greenland killer whales compared to the Faroese killer whales (n = 2; Figure 4.2). 
Greenland killer whales had relatively higher proportions of hexa- and hepta-PCBs relative to ΣPCB, and 
lower proportions of tetra- and penta-PCBs, compared to Faroese whales. Proportions of oxychlordane 
and heptachlor epoxide relative to ΣCHL, and p,p’-DDE relative to ΣDDT, were higher in Greenland than 
in Faroe Islands killer whales. Although not statistically comparable, these patterns support the 
contaminant concentration data that suggest a diet richer in marine mammals for Greenland killer whales 
compared to the Faroe Islands. More highly chlorinated PCBs, such as CB-153, tend to be found in 
marine mammals relative to fish (Hoekstra et al., 2003; Sobek et al., 2010). In addition, higher 
proportions of metabolites compared to the parent OC are generally found for marine species at higher 
trophic levels, associated with biotransformation capacity of marine mammals relative to fish (Hoekstra et 
al., 2003; Krahn et al., 2007).  
  
Influence of sex/age class on PCB and OC concentrations 
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In southeast Greenland, adult females showed significantly lower concentrations of PCBs and 
OCs relative to sub-adults (for each OC group: p < 0.001; and ΣPCB: p = 0.02; Figure 4.3). However, one 
of the sub-adults (48339) had much higher ΣPCB concentrations (ΣPCB = 356 mg kg-1 lw) than other 
individuals and when removed from the analysis, differences in PCB concentrations were no longer 
significant between sub-adults and adult females (p = 0.28). For all other contaminants, removing 48339 
did not change the results between sex/age classes. These results indicate that individual variation can be 
substantial even within demographic groups, possibly related to diet, and should be considered carefully, 
especially with small datasets. Although statistical comparisons were not possible, the single adult male 
exhibited higher concentrations of all sum-contaminant classes relative to the mean of adult females. 
Previous studies have also found higher concentrations in sub-adult and adult male killer whales relative 
to adult females (Ross et al., 2000; Ylitalo et al., 2001). Ross et al. (2000) reported increasing 
concentrations of PCBs in juvenile females, followed by a steep decrease once they reached reproductive 
age. At this time and onward, females transfer a substantial portion of their contaminant burden to their 
offspring during gestation and lactation explaining the consistent demographic variation seen in this and 
other studies (Haraguchi et al., 2009; Krahn et al., 2009; Ross et al., 2000; Ylitalo et al., 2001). However, 
some instances of adult females showing higher concentrations than adult males were previously found, 
possibly related to differences in the age composition of the two groups or impaired reproduction due to 
high exposure to PCBs (Buckman et al., 2011; Jepson et al., 2016).  
 
Comparison between pregnant females and their fetuses 
To our knowledge, this is the first study reporting POP concentrations in pregnant killer whales 
and their fetuses. We found that blubber from both pregnant females had similar or higher average 
concentrations of all sum-contaminant classes than those of their fetuses (Figure 4.4). These results 
confirm that transplacental transfer of POPs occurs during gestation. Cetacean females can offload up to 
60% of their POPs burden during reproduction, however, the bulk of it occurs during lactation (Borrell et 
al., 1995). Previous studies reported up to 18 times higher blubber concentrations of PCB, DDT and CHL 
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in calves relative to lactating mothers (Haraguchi et al., 2009; Krahn et al., 2009; Ylitalo et al., 2001), 
which may be related to the large amount of lipid reserves and, consequently, lipophilic contaminants, 
mobilized from blubber to milk during its synthesis (Fowler et al., 2014; Oftedal, 1993). Nonetheless, 
even though fetus blubber concentrations were lower than those in their mothers, PCBs, CHLs, and DDT 
in particular were still elevated in both of the fetuses relative to various effect thresholds determined in 
adults of other marine mammal species (Desforges et al., 2016; Jepson et al., 2016). The consequences of 
fetal exposure to high concentrations of endocrine-disrupting chemicals during these early developmental 
stages are unclear, but likely to affect cell differentiation and tissue-organ development (Grandjean and 
Landrigan, 2006; Letcher et al., 2010; Sonne, 2010). 
We found lower transplacental transfer for Σmirex and ΣPCB compared to other contaminants, 
which may be related to greater affinity of high log Kow (above 6.5) contaminants for blubber versus 
blood and placental tissues (Desforges et al., 2012). Lower transplacental transfer was also previously 
found for higher molecular weight compounds, including mirex, relative to lower molecular weight and 
lower chlorinated POPs, such as HCHs and ClBz in ringed seals (Pusa hispida) from the Labrador coast 
(Brown et al., 2016). Additionally, limited transfer was found for highly chlorinated relative to less 
chlorinated PCBs from pregnant females to fetuses in beluga whales and from mother to calf in killer 
whales (Desforges et al., 2012; Haraguchi et al., 2009).   
 
Variation in PCB and OC concentrations and patterns among blubber layers  
Lipid content was a significant variable explaining differences in wet weight concentrations 
among blubber layers for all contaminant groups (ΣPCB: F1,171 = 162, p < 0.001; ΣClBz: F1,172 = 264, p < 
0.001; ΣHCH: F1,173 = 16.3, p < 0.001; ΣCHL: F1,172 = 231, p < 0.001; Σendosulfan: F1,171 = 256, p < 
0.001; ΣDDT: F1,172 = 116, p < 0.001; Dieldrin: F1,171 = 207, p < 0.001; Σmirex: F1,172 = 177, p < 0.001). 
On a wet weight basis, layer 10 (outer; closest to skin) showed significantly lower concentrations of 
ΣPCB, ΣClBz, ΣCHL, Σendosulfan, ΣDDT, dieldrin and Σmirex, (p < 0.01) compared to all other layers. 
Layer 9 also showed lower concentrations relative to some of the more inner layers for ΣClBz, 
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Σendosulfan, ΣCHL, ΣDDT, dieldrin, and Σmirex (p < 0.05; Figure A4.2). For ΣHCH, layer 10 only had 
significantly lower concentrations compared to layers 1, 4 and 8 (p < 0.05; Figure A4.2).  
Lipid normalization generally reduced variation in contaminant concentrations among blubber 
layers (ΣPCB: F9,162 = 3.07, p < 0.01; ΣClBz: F9,162 = 2.18, p = 0.03; ΣHCH: F9,162 = 7.02, p < 0.001; 
ΣCHL: F9,162 =1.97, p = 0.05; Σendosulfan: F9,162 = 2.53, p < 0.01; ΣDDT: F9,162 = 2.81, p < 0.01; Dieldrin: 
F9,162 = 2.83, p < 0.01; Σmirex: F9,162 = 3.88, p < 0.001; lipid corrected concentrations per blubber layer in 
Table A4.2). No variation was found among layers for lipid weight concentrations of ΣClBz and ΣCHL. 
For Σendosulfan, dieldrin, and Σmirex, layer 10 only showed lower lipid weight concentrations relative to 
layers 1 and 2 (p < 0.02). Occasionally, lipid correction resulted in additional variation among other 
layers: concentrations of Σmirex in layers 5 and 8 were significantly lower than in layer 1 (p < 0.02), 
concentrations of ΣDDT were significantly lower in layer 5 compared to layers 1 and 2 (p < 0.05) and 
concentrations of ΣPCB were significantly lower in layer 8 compared to layers 1, 2 and 3 (p < 0.05). For 
ΣHCH, the opposite was found, with significantly higher concentrations in layer 10 compared to other 
layers (p < 0.001) except for layer 1, and significantly lower concentrations in layer 5 compared to layer 1 
(p = 0.02; Figure 4.5). Not surprisingly, the PCA plot of lipid corrected concentrations by blubber layer 
did not show any spatial segregation of layers 1 through 10 (Figure A4.3). Krahn et al. (2004) found 
increases or no change in homogeneity after lipid correction among inner, middle and outer blubber layers 
for resident killer whales for ΣDDT and ΣPCB concentrations. However, the opposite occurred for 
heavily polluted transient killer whales i.e., increase in variation after lipid correction with higher 
concentrations in the inner layer compared to others. In the same study, two beluga whales sampled in 
Cook Inlet consistently had higher lipid-normalized ΣPCB and ΣDDT concentrations in the outer layer 
compared to the inner layer, although the reverse was found in one individual in Bristol Bay, Alaska 
(Krahn et al., 2004). A study of fin (Balaenoptera borealis) and male sei (Balaenoptera physalus) whales 
in the North Atlantic also showed inconsistent variation in lipid-normalized ΣPCB and ΣDDT 
concentrations in the outer compared to the inner blubber layers (Aguilar and Borrell, 1991). These 
inconsistencies could be related to the small sample sizes of these previous studies. Here, we show a 
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significant influence of lipid content in PCB and OC variation with blubber depth, explaining 9-17% of 
the variation in wet weight concentrations, with the notable exception of HCH (2%). Results for HCH 
could in part be related to lower lipophilicity of HCHs relative to most other POPs (log Kow ~3.8; Li et al., 
2002), and thus weaker relationship to lipid content. Although there was still some variation among a few 
layers after lipid correction for Σendosulfan, dieldrin, Σmirex, ΣDDT, ΣPCB, concentrations were 
consistently higher among more inner layers (1, 2 and 3) compared to middle or more outer layers (5, 8 
and 10).  
The contaminant concentration results may to some extent be related to the structural composition 
of the blubber layers. Transient and resident killer whales showed a gradient of fatty acid composition 
from inner to outer layers, with higher proportion of triglycerides and lower of wax esters in inner 
compared to outer layers (Krahn et al., 2004). Among the three layers considered in this previous study, 
the outer layer (2 cm deep from the epidermis) was found to be the most different from all layers with 
respect to fatty acid composition. This could result in different affinity of certain contaminants and/or 
analytes to the different layers and the observed higher concentrations of some compounds in more inner 
layers compared to others. Positive correlations were previously found between ΣPCB concentrations and 
concentrations of triglycerides and free fatty acids in the blood of polar bears (Ursus maritimus; Knott et 
al. 2011). To verify this hypothesis, we further considered possible effects of fatty acid composition 
among killer whale blubber layers in POPs concentrations (fatty acid results from Bourque et al, 
unpublished data; including omega-6, omega-3, saturated, monounsaturated and polyunsaturated fatty 
acids). The distribution of omega-6 fatty acids had a significant positive relationship with the 
concentrations of all contaminants among blubber layers (p < 0.05), except for ΣHCH (p = 0.61). 
Nevertheless, lipid content explained 5 to 12 times more variation on a wet weight basis than omega-6.   
Variation in contaminant concentrations among the layers could be related to different tissue 
turnover rates, and thus a chronological deposition of contaminants in blubber. If this was the case, we 
would expect to see higher PCB and legacy OC concentrations in the outer, lower turnover layers 
(representing a more historical signal). However, except for ΣHCH, we found lower Σendosulfan, dieldrin 
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and Σmirex, ΣPCB, and ΣDDT concentrations in the outer layers relative to the more inner layers not 
supporting the chronological deposition hypothesis. Regardless, the observed differences in lipid-
corrected concentrations among layers were only about two-fold or less for all contaminants. Further, a 
typical biopsy of 2 cm would represent full to half the blubber depth in most of the killer whales here 
(Table 4.1). Therefore, biopsies should give a reasonable representation of total concentrations, at least on 
a lipid weight basis.  
 
Effects of sex/age class on contaminant deposition among layers  
We did not find any variation in the deposition of contaminants among layers in adult female 
killer whales compared to sub-adults in southeast Greenland (p > 0.12). To account for possible 
confounding effects of reproduction, we examined data from the pregnant females more closely. There 
was no obvious trend through the layers for one of the pregnant females, but the other showed 4- to 16-
times higher lipid-normalized concentrations of all contaminants in layer 1 compared to all other layers. 
Similar results were found in two lactating female humpback whales (Megaptera novaeangliae) from the 
Southern hemisphere (Waugh et al., 2014). The authors showed that, while there was no variation in lipid-
normalized p,p’-DDE and HCB among layers for males, the two lactating females had higher lipid-
normalized concentrations of p,p’-DDE in the inner layer compared to the outer layer, and one of the 
females also had higher HCB concentrations in the inner layer. The authors attributed this variation in 
contaminant concentrations with blubber depth to the lower lipid content in the inner layer, i.e. a higher 
turn-over of lipid reserves in the blubber tissue during the lactation period, which could similarly be 
associated with gestation in the pregnant female Greenland killer whale. Although biopsies may be 
considered a good estimate of contaminant concentrations in most groups within killer whale populations, 
this sampling approach may not reveal the extensive changes of contaminant concentrations in the 
innermost blubber layer of pregnant or adult lactating females.    
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Tables & Figures 
Table 4.1 Sample collection and biological details for killer whales sampled in southeast Greenland (n = 18, 2012-2014), the Faroe Islands (n = 2, 
2008) and Denmark (n = 1, 2005).  
 
 
Sample 
ID 
Sampling Location GPS 
coordinates 
Month/Year Sex Age group Killer 
whale 
length 
(cm) 
Stomach contents Blubber 
depth 
(cm) 
48762 Esbjerg, Denmark 55°27N 08°27E 01/2005 male newborn N.D. N.D. 3.5 
40888 Klarksvik, Faroe Islands N.D. 04/2008 female adult 574 N.D. 5.0 
40889 Skalavik, Faroe Islands N.D. 04/2008 female sub-adult 395 N.D. 3.0 
49341a Tasiilaq, Greenland 65°37N 37°57W 08/2012 male fetus 208 N.D. 3.0 
48342b Tasiilaq, Greenland 65°37N 37°57W 08/2012 female fetus 166 N.D. 2.5 
48339 Tasiilaq, Greenland 65°37N 37°57W 08/2012 male sub-adult 460 N.D. 5.0 
38340 Tasiilaq, Greenland 65°37N 37°57W 08/2012 male sub-adult 400 Harp seal 4.0 
48337 Tasiilaq, Greenland 65°37N 37°57W 08/2012 N.D. sub-adult 350 N.D. 5.0 
48335 Tasiilaq, Greenland 65°37N 37°57W 08/2012 female adult 650 Harp and hooded seal 5.0 
48336 Tasiilaq, Greenland 65°37N 37°57W 08/2012 probably 
female 
adult 560 Harp seal 5.0 
48338 Tasiilaq, Greenland 65°37N 37°57W 08/2012 female adult 550 Harp seal 5.0 
48735 Tasiilaq, Greenland 65°27N 37°46W 08/2013 female sub-adult 353 Harp seal 3.7 
48732 Tasiilaq, Greenland 65°20N 37°10W 09/2013 male adult N.D. N.D. 3.0 
48733 Kulusuq, Greenland 65°26N 36°55W 08/2013 female adult 495 Harp seal 4.4 
48736 Tasiilaq, Greenland 65°27N 37°46W 08/2013 female adult 620 N.D. 6.5 
35143 Kulusuq, Greenland 65°20N 37°10W 08/2013 female adult 690 Harp seal, minke whale 4.6 
51601 Tasiilaq, Greenland N.D. 07/2014 male sub-adult N.D. N.D. 4.2 
51610 Tasiilaq, Greenland N.D. 07/2014 male sub-adult 600 N.D. 2.3 
51613 Tasiilaq, Greenland N.D. 07/2014 male sub-adult 500-600 N.D. 3.8 
51606 Tasiilaq, Greenland N.D. 07/2014 N.D. sub-adult N.D. N.D. 4.2 
51607 Tasiilaq, Greenland N.D. 07/2014 N.D. sub-adult N.D. N.D. 1.5 
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Table 4.2 Concentrations of polychlorinated biphenyls, organochlorine pesticides (mg kg-1 lipid weight) and lipid percentage (%) in killer whale 
blubber of individuals stranded in Denmark (2005) and the Faroe Islands (2008) and harvested in southeast Greenland (2012-2014). Results 
indicated as arithmetic mean (minimum-maximum). 
Contaminants shown are Ʃpolychlorinated biphenyls (ƩPCB), Σchlorobenzenes (ƩClBz), Σhexachlorocyclohexanes (ƩHCH), 
Σchlordanes (ƩCHL) Ʃendosulfan, Σdichlorodiphenyltrichloroethanes (ƩDDT), dieldrin, Ʃmirex and Ʃorganochlorinated 
pesticides (ƩOC). 
 
 
 All individuals 
(n = 21) 
Southeast 
Greenland 
(n = 18) 
   Faroe Islands 
 
Denmark 
(n = 1) 
Sex/age class  Adult male 
(n =1) 
Adult female 
(n =6) 
Sub-adult 
(n =9) 
Fetus 
(n =2) 
Adult (n =1) and  
sub-adult (n =1) 
females 
Newborn 
male 
Lipid % 57.1 (37.1-82.7) 67.7 57.2 (45.7-66.0) 54.7 (37.1-69.4) 45.2 (42.3-48.0) 61.3 (49.7-73.0) 83.7 
ΣPCB 66.7 (9.01-356) 65.1 48.6 (19.6-65.5) 102 (9.01-356) 11.4 (9.47-13.4) 5.16 (2.75-7.57) 96.1 
ΣClBz 1.64 (0.18-5.47) 1.01 0.84 (0.58-1.17) 2.66 (0.181-5.47) 0.701 (0.50-0.90) 0.306 (0.03-0.35) 2.52 
ΣHCH 0.08 (0.02-0.19) 0.10 0.07 (0.03-0.10) 0.11 (0.06-0.19) 0.05 (0.03-0.08) 0.03 (0.02-0.04) 0.09 
ΣCHL 39.6 (1.82-195) 40.2 19.3 (1.4-39.1) 65.9 (3.00-195) 10.2 (9.47-10.9) 2.23 (1.82-2.65) 57.5 
Σendosulfan 2.80 (0.20-13.0) 2.81 1.44 (0.72-2.90) 4.28 (0.20-13.0) 0.740 (0.54-0.94) 0.24 (0.20-0.28) 6.78 
ΣDDT 52.0 (3.67-235) 55.1 30.1 (16.1-50.2) 81.1 (4.35-235) 13.4 (7.89-18.9) 4.25 (3.67-4.82) 85.4 
Dieldrin 4.61 (0.17-22.5) 3.44 1.50 (0.88-2.89) 6.66 (0.24-20.1) 0.624 (0.53-0.72) 0.36 (0.17-0.55) 22.5 
Σmirex 7.66 (0.75-35.4) 7.26 5.68 (3.33-85.8) 12.2 (2.04-35.4) 1.87 (1.26-2.49) 0.84 (0.75-0.92) 4.54 
ΣOC 108 (6.89-504) 110 59.7 (35.8-105) 173 (10.2-504) 27.6 (20.7-34.5) 8.25 (6.89-9.61) 179 
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Figure 4.1 Sampling locations for killer whales in this study: Denmark (n = 1, 2005, stranded), Faroe 
Islands (n = 2, 2008, stranded) and southeast Greenland (n = 18, 2012-2014, harvested). 
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Figure 4.2 Relative percent (%) of, from top to bottom: polychlorinated biphenyl (PCB) homologue 
groups to ΣPCB, dichlorodiphenyltrichloroethanes compounds to ΣDDT and chlordane compounds to 
ΣCHL in blubber of sub-adult (n = 9) and adult female killer whales (n = 6) harvested in southeast 
Greenland from 2012-2014, and sub-adult and adult females (n = 2) stranded in the Faroe Islands in 2008.  
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Figure 4.3 Arithmetic mean concentrations (± SE in mg kg-1 lipid weight, lw) of Ʃpolychlorinated 
biphenyls (ƩPCB), Σchlordanes (ƩCHL) and Σdichlorodiphenyltrichloroethanes (ƩDDT) in full-depth 
blubber of killer whales sampled in southeast Greenland from 2012-2014, including one adult male (n = 
1), adult females (n = 6), sub-adults (n = 9) and fetuses (n = 2). Significant differences for ƩPCB (p = 
0.02), ƩCHL (p < 0.001) and ƩDDT (p < 0.001) concentrations between adult females and sub-adults are 
indicated by different letters. 
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Figure 4.4 Average ratios of concentrations of Ʃpolychlorinated biphenyls (ƩPCB), Σchlorobenzenes 
(ƩClBz), Σhexachlorocyclohexanes (ƩHCH), Σchlordanes (ƩCHL), Ʃendosulfan, 
Σdichlorodiphenyltrichloroethanes (ƩDDT), dieldrin and Ʃmirex in blubber of fetus relative to pregnant 
killer whale females harvested in southeast Greenland in 2012 (n = 2 pairs). The error bars represent the 
range of the ratios, i.e. the ratio for each pair (minimum and maximum). 
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Figure 4.5 Arithmetic mean of contaminants concentrations (± SE in mg kg-1 lipid weight, lw) among ten 
blubber layers for polychlorinated biphenyls (ƩPCB), Σchlorobenzenes (ƩClBz), 
Σhexachlorocyclohexanes (ƩHCH), Σchlordanes (ƩCHL), Ʃendosulfan, Σdichlorodiphenyltrichloroethane 
(ƩDDT), dieldrin and Ʃmirex of 19 North Atlantic killer whales. Layer 1 represents the innermost layer 
while layer 10 represents the outermost layer. Significant differences in contaminant concentrations 
among blubber layers are indicated by different letters above each bar (all p < 0.05). No differences were 
found among layers for ƩClBz and ƩCHL concentrations. Results include killer whales sampled in 
southeast Greenland (n = 16, 2012-2014), Faroe Islands (n = 2, 2008) and Denmark (n = 1, 2005), but not 
fetuses. 
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Appendix 4 
 
Additional Methods 
 
Sample collection  
 
The samples in this study were obtained as part of the research project “Species at Risk” with the 
aim to investigate the health of killer whales and the risk for humans to consume their tissues with respect 
to residues of organic contaminants and heavy metals. The whales were taken only for subsistence, and 
scientific samples were opportunistically collected from the carcasses by scientists and/or community 
members only after the harvest. 
Aboriginal subsistence whaling is a current practice approved by the International Whaling 
Commission (IWC; www.iwc.int). The IWC has been regulating whale hunting since 1946 and includes 
the signatures of 88 countries throughout the globe, including Denmark/Greenland. Although commercial 
whaling was subject to a moratorium by the IWC in 1986 (excluding a few IWC member countries), 
aboriginal subsistence whaling is exempt from this moratorium. In this case, whaling is considered an 
important part of the culture and a major component of the natives’ diets. The government of each 
country under these regulations, sets the number of catches allowed based on the needs of the native 
peoples and scientific advice regarding the maintenance of whale populations. The areas where this type 
of whaling occurs include Greenland, Alaska, Chukotka and Bequia (areas with IWC membership). More 
information can be found in IWC website and reports (www.iwc.int; Reeves, Mammal Rev. 2002).  
The definition of ‘whale’ by the IWC is not clear, and there is no consensus on whether the so 
called ‘small cetaceans’ are included under IWC regulations. The IWC has never regulated small 
cetaceans catches and therefore, killer whale catches, as these species are not included in the ‘whale’ 
category. Nevertheless, killer whales are used for human consumption through aboriginal subsistence 
harvest in Greenland and other regions. 
 
 
PCA analyses  
 
The PCA plots illustrate which contaminants explain the most variation among samples. 
Contaminants further from the center of the plot have higher importance in explaining the variation 
among samples, while an individual sample lying close to a certain contaminant contains relatively higher 
concentrations of that contaminant than samples positioned further. The PCA also allows visualizing 
relationships among samples based on how close one sample is to the other. 
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Table A4.1. Arithmetic mean of recovery corrected concentrations of polychlorinated biphenyls (ƩPCB) 
and concentrations of organochlorine pesticides (ƩOC; ng g-1 wet weight (ww)) in NIST-1945 (n = 16) 
per batch. Accuracy was calculated as Relative Error (%; absolute error relative to the certified values of 
1258 ng g-1 ww for ƩOC and 1256 ng g-1 ww for ƩPCB). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ƩOC 
(ng g-1 ww) 
Relative 
Error (%) 
ƩPCB 
(ng g-1 ww) 
Relative 
Error (%) 
Batch 1 1285 2 1243 1 
Batch 2 919 27 578 54 
Batch 3 1065 15 1028 18 
Batch 4 959 24 809 36 
Batch 5 962 24 577 54 
Batch 6 963 23 1314 5 
Batch 7 914 27 1469 17 
Batch 8 930 26 1691 26 
Batch 9 795 37 1201 4 
Batch 10 931 26 1550 23 
Batch 11 899 29 997 21 
Batch 12 764 39 1229 2 
Batch 13 1041 17 1282 2 
Batch 14 627 50 1682 34 
Batch 15 915 27 1413 13 
Batch 16 686 46 1102 12 
Average (± SD) 916 ± 149 27 ± 11 1198 ± 330 20 ± 17 
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Table A4.2. Concentrations of polychlorinated biphenyls, organochlorine pesticides (mg kg-1 lipid weight) and lipid percentage per blubber layer 
of killer whales sampled in Southeast Greenland (n = 16, 2012-2014), Faroe Islands (n = 2, 2008) and Denmark (n = 1, 2005), but not fetuses. 
Values indicated as arithmetic mean (minimum, maximum). Number 1 represents the innermost layer (closest to muscle) and 10 represents the 
outermost layer (closest to skin), as shown in Figure A4.1. 
Blubber 
layer 
Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7 Layer 8 Layer 9 Layer 10 
Lipid % 50.3 
(8.62-86.6) 
58.8 
(13.6-84.3) 
63.4 
(20.0-85.7) 
70.2 
(33.5-90.8) 
70.3 
(38.5-90.2) 
66.2 
(18.5-89.4) 
63.4 
(21.3-88.3) 
62.2 
(22.0-90.8) 
49.7 
(10.5-79.5) 
29.0 
(3-80) 
ΣPCB 106 
(4.12-931) 
84.8 
(3.17-446) 
96.7 
(3.88-781) 
58.7 
(4.09-181) 
59.6 
(4.64-205) 
63.5 
(1.33-199) 
63.5 
(1.65-184) 
56.4 
(1.47-298) 
79.5 
(1.80-302) 
56.7 
(1.37-166) 
ΣClBz 2.17 
(0.194-13.4) 
1.92 
(0.185-6.97) 
1.90 
(0.279-9.40) 
1.51 
(0.190-3.76) 
1.62 
(0.184-7.18) 
1.72 
(0.175-8.76) 
1.84 
(0.168-7.85) 
1.43 
(0.180-5.75) 
1.80 
(0.167-10.1) 
1.52 
(0.086-5.13) 
ΣHCH 0.103 
(0.02-0.344) 
0.068 
(0.022-0.139) 
0.066 
(0.021-0.185) 
0.059 
(0.011-0.113) 
0.057 
(0.012-0.126) 
0.063 
(0.014-0.155) 
0.071 
(0.014-0.288) 
0.073 
(0.021-0.201) 
0.089 
(0.018-0.243) 
0.213 
(0.023-0.975) 
ΣCHL 53.7 
(1.84-434) 
48.0 
(1.99-209) 
53.2 
(1.90-405) 
37.7 
(1.92-111) 
36.2 
(2.21-105) 
40.3 
(1.32-117) 
40.8 
(1.65-117) 
41.2 
(1.67-237) 
42.0 
(1.48-148) 
34.0 
(1.67-90.9) 
Σendosulfan 3.75 
(0.208-29.8) 
3.52 
(0.217-14.8) 
3.86 
(0.199-28.9) 
2.69 
(0.176-7.53) 
2.59 
(0.170-7.10) 
2.84 
(0.152-7.20) 
2.81 
(0.161-7.21) 
2.81 
(0.138-14.7) 
3.05 
(0.116-9.21) 
2.18 
(0.129-5.51) 
ΣDDT 87.7 
(3.56-746) 
67.3 
(3.78-296) 
60.5 
(3.63-437) 
45.5 
(3.68-117) 
43.2 
(3.61-102) 
49.0 
(2.88-152) 
46.9 
(3.16-124) 
50.8 
(3.08-239) 
56.1 
(2.74-180) 
53.1 
(3.20-128) 
Dieldrin 5.84 
(0.183-41.8) 
6.24 
(0.204-37.5) 
6.20 
(0.173-42.2) 
4.63 
(0.179-24.2) 
4.39 
(0.187-22.7) 
4.82 
(0.153-19.7) 
4.83 
(0.144-18.4) 
4.69 
(0.154-24.9) 
4.98 
(0.160-24.7) 
3.66 
(0.160-16.0) 
Σmirex 12.2 
(0.768-94.0) 
10.1 
(0.832-44.9) 
11.0 
(0.775-84.0) 
7.09 
(0.609-19.2) 
6.55 
(0.530-16.9) 
7.48 
(0.396-22.2) 
7.15 
(0.471-17.9) 
7.03 
(0.412-31.4) 
7.90 
(0.482-24.2) 
6.11 
(0.693-12.6) 
Contaminants shown are Ʃpolychlorinated biphenyls (ƩPCB), Σchlorobenzenes (ƩClBz), Σhexachlorocyclohexanes (ƩHCH), 
Σchlordanes (ƩCHL), Ʃendosulfan, Σdichlorodiphenyltrichloroethanes (ƩDDT), dieldrin and Ʃmirex.  
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Figure A4.1. Section of killer whale blubber: the skin is on top (black) and the muscle is on the bottom 
(red-brown). Layer 1 is the innermost layer (closest to muscle) and layer 10 represents the outermost layer 
(closest to skin). The length of each layer depended on the blubber depth (1.5-6.5 cm) of each killer 
whale. 
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Figure A4.2. Arithmetic mean of contaminant concentrations (± SE in mg kg-1 wet weight, ww) among 
ten blubber layers for polychlorinated biphenyls (ƩPCB), Σchlorobenzenes (ƩClBz), 
Σhexachlorocyclohexanes (ƩHCH), Σchlordanes (ƩCHL), Ʃendosulfan, Σdichlorodiphenyltrichloroethane 
(ƩDDT), dieldrin and Ʃmirex. Layer 1 represents the innermost layer while layer 10 represents the 
outermost layer. Significant differences in contaminant concentrations among blubber layers are indicated 
by different letters above each bar (all p < 0.04). Results include killer whales sampled in southeast 
Greenland (n = 16, 2012-2014), Faroe Islands (n = 2, 2008) and Denmark (n = 1, 2005), but not fetuses. 
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Figure A4.3. A) Principal component analysis (PCA) plot of the importance of individual PCB and OC 
pesticides for the differences among ten different blubber layers in southeast Greenland killer whales (n = 
18, 2012-2014). More correlated contaminants are plotted closer to each other and show more similar 
coloration. B) Plot of the PCB and OC composition of southeast Greenland killer whale blubber in 
different age/class groups (n = 18, 2012-2014). Different blubber layers (1-10) are indicated in different 
colors. Ellipses represent the 95% confidence interval for each blubber layer. PC1 accounted for 73.3% of 
the variation while PC2 accounted for 9.6% of the variation. 
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Interactions of vitamins A and E with persistent organic pollutants and fatty acids in the blubber of highly 
contaminated killer whales from Greenland  
 
Abstract 
We quantified blubber concentrations of vitamins A (retinol) and E (α-tocopherol) and evaluated 
associations with persistent organic pollutants (POPs) in 14 highly-contaminated killer whales (Orcinus 
orca) sampled in Greenland from 2012 to 2014. As biological and ecological factors can shape vitamin 
variation in blubber, we considered the influence of blubber depth, sex/age class and diet (based on 
profiles of major fatty acids, in biomass %) in these relationships. Blubber concentrations of vitamin A 
averaged 34.1 ± 4.7 μg g-1 wet weight (ww) and vitamin E averaged 35.6 ± 4.4 μg g-1 ww. Although 
overall vitamin A concentrations did not vary between inner (closer to the muscle) and outer (closer to the 
skin) blubber layer or between sub-adults and adult females, concentrations in the outer layer of sub-
adults were lower compared to the outer layer of adult females (p = 0.03). Outer blubber layer may 
therefore reflect age accumulation of vitamin A, while in the more active inner layer, age effects might be 
masked by reduced vitamin A concentrations associated with lactation. Diet did not affect vitamin A 
variation, suggesting this vitamin is highly regulated in the body. Further, even after accounting for 
biological effects, we did not find any relationship between ΣPOPs and vitamin A concentrations. Given 
the high exposures in these killer whales, vitamin A might not be a sensitive biomarker for POPs adverse 
effects. Vitamin E concentrations were significantly higher in inner compared to outer layer in killer 
whales (p < 0.001), likely associated with blubber stratification, suggesting that blubber biopsies may not 
fully represent vitamin E concentrations in blubber. Age-accumulation of vitamin E also occurred with 
higher concentrations in adult females compared to sub-adults (p = 0.01). Diet, ΣPOPs, and an interaction 
between these two variables explained 91% of the variation in inner blubber vitamin E levels, suggesting 
that killer whales feeding more consistently on marine mammals in Arctic environments over a fish-based 
diet richer in polyunsaturated fatty acids, may be at higher risk of POP-induced disruption in vitamin E 
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homeostasis. Considering diet and essential nutrients, which may play a role in offsetting contaminant 
effects, is therefore important when evaluating POPs toxicity.   
 
Introduction 
North Atlantic killer whales are expanding their habitat range northward into the Canadian and 
Greenlandic Arctic and sub-Arctic (Higdon and Ferguson 2009, Higdon et al. 2014; A. Rosing-Asvid, 
personal observation). Here, part of their diet appears to consist of marine mammals, despite suggestions 
of a largely fish-based diet within their traditional habitats (Bourque et al., 2018; Ferguson et al., 2012; 
Foote et al., 2016). In Greenland at least, this novel diet of killer whales has led to increased blubber 
concentrations of biomagnifying persistent organic pollutants (POPs) relative to conspecifics in the North 
Atlantic, suggesting that these shifts in habitat are increasing killer whale exposure to contaminants of 
concern (Pedro et al., 2017a). Killer whales are known to have among the highest POP concentrations of 
all species worldwide (Buckman et al., 2011; Jepson et al., 2016; Pedro et al., 2017a; Ross et al., 2000). 
While modeling studies have projected that PCB exposures alone can contribute to declines in killer 
whale populations (Desforges et al., 2018; Jepson et al., 2016), empirical studies evaluating associations 
between adverse health effects and contaminant concentrations, which would provide a weight-of-
evidence to these modeling exercises, remain scarce.  
In an effort to determine adverse health effects of POPs in free-ranging populations, correlations 
between POP concentrations and different biomarker endpoints, such as vitamins and hormones, have 
been evaluated in a few Arctic marine mammal species (Desforges et al., 2016; Fisk et al., 2005; Letcher 
et al., 2010). However, the sensitivity of killer whales and other toothed whales to contaminants likely 
differs from that of other taxa. Toothed whales lack a gene that plays a critical role in detoxification in 
other carnivorous species, putting these cetaceans at increased risk of toxicity (Meyer et al., 2018; Sonne 
et al., 2018). The use of biomarkers, that is measurable biological indicators that reflect a change in an 
organism caused by contaminants (McCarthy and Shugart, 1990), focusing on cause-effect relationships 
may provide insight into the effects of high POPs concentrations in these vulnerable species. Further, as 
  
135 
 
most cetacean samples are obtained through blubber dart biopsy, validating biomarkers in blubber may 
facilitate these studies (Fossi et al., 2014; Ross et al., 2000). The only previous study using biomarkers in 
free-ranging killer whales found strong positive correlations between mRNA transcript endpoints, 
involved in e.g. anti-inflammatory response, with PCB concentrations in blubber (Buckman et al., 2011). 
Reported relationships between POPs and vitamin A and E concentrations, as well as the accumulation of 
both vitamins and contaminants in blubber tissues, makes vitamins A and E another promising group of 
biomarkers of POPs effects in cetaceans (Desforges et al., 2013; Simms and Ross, 2000a). 
Vitamins A and E are essential nutrients that can only be obtained through the diet (Clagett-Dame 
and Deluca, 2002; Galli et al., 2017). Vitamin A, which occurs in the body mostly as retinol, is highly 
regulated as it plays an essential role in growth, development, immune function, vision and reproduction 
(Clagett-Dame and Deluca, 2002; Mora et al., 2008). Vitamin E, mostly represented as α-tocopherol in 
marine mammal tissues (Desforges et al., 2013), is primarily an antioxidant, preventing oxidation of 
polyunsaturated fatty acids, but is also important in growth and immune function (Galli et al., 2017; 
Nacka et al., 2001). Previous studies on free-ranging animals have found positive correlations between 
vitamins A and E and PCB concentrations in the blubber of beluga (Delphinapterus leucas) (Desforges et 
al., 2013), and of vitamin A with PCB and DDT in grey seal (Halichoerus grypus) (Vanden Berghe et al., 
2013) and ringed seal (Pusa hispida) (Nyman et al., 2003). However, negative correlations were also 
found between vitamin A and PCB in the blubber of bottlenose dolphin (Tornero et al., 2005), harbour 
seal (Phoca vitulina), and grey seal from another location (Mos et al., 2007; Nyman et al., 2003). Besides 
different exposure to contaminants and contaminant mixtures (Desforges et al., 2017; Novák et al., 2008), 
these varying results may also be due to biological and ecological factors affecting vitamin storage in 
blubber.  
Blubber lipid content and stratification, age, sex, and diet have been associated with the variation 
of vitamins A and E in marine mammal blubber (Desforges et al., 2013; Hoydal et al., 2016; Simms and 
Ross, 2000a). Higher vitamin concentrations have been found in older marine mammals of some species, 
but in some cases age-related accumulation varied between males and females (Desforges et al., 2013; 
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Tornero et al., 2006, 2005). Due to stratification of lipid content and composition in blubber, the 
deposition of lipophilic vitamins may also vary with blubber depth, as previously found for example in 
beluga and bowhead whale (Balaena mysticetus) (Desforges et al., 2013; Rosa et al., 2007). Lipid-rich 
diets, as well as dietary tracers such as nitrogen and carbon stable isotopes have also been associated with 
higher concentrations of vitamin E (Desforges et al., 2013; Palace and Werner, 2006). Fatty acids, which 
are major components of lipids, are dietary tracers that can be used in this context since blubber fatty acid 
composition can differentiate killer whale diet (Bourque et al., 2018; Herman et al., 2005). It is therefore 
important to consider potential confounding biological and ecological factors when evaluating the effects 
of POPs on blubber concentrations of vitamins A and E. 
In the present study, we determine if the high exposure to POPs in 14 northward-redistributing 
killer whales adversely affects blubber concentrations of vitamins A and E, after considering the influence 
of biological and ecological factors, including blubber depth, sex/age classes, and diet as indicated by 
fatty acid signatures. By evaluating concentrations of these lipophilic vitamin in inner and outer blubber 
layers, we additionally validate the use of biopsies to evaluate contaminant-vitamin interactions. 
 
Material and Methods 
Sampling procedures 
Full-depth blubber sections were opportunistically sampled from 14 killer whales harvested for 
subsistence by indigenous communities in southeast Greenland in 2012-2014 (Figure A5.1), as previously 
described (Pedro et al., 2017a). Briefly, blubber from the dorsal region of each killer whale was collected 
and stored at -20°C in the field, and then put at -80°C in the laboratory prior to analysis. The dataset 
included seven adult females and eight male and female sub-adults. Sex of the individuals was determined 
visually, and age class was determined based on sexual maturity and length of the individuals. For some 
of these killer whales, additional biological information was recorded, including body length and stomach 
contents (Table 5.1; Pedro et al. 2017).  
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Vitamins A and E analysis  
Concentrations of vitamins A (measured as retinol) and E (measured as α-tocopherol) were 
determined using established methods (Strohecker et al., 1965; Thompson, 1986) modified for blubber 
tissue at the Wyoming State Veterinary Laboratory. Retinol and α-tocopherol are the most abundant 
forms of vitamin A and E, respectively, in blubber of odontocetes (Desforges et al., 2013). Further on, we 
refer to retinol as vitamin A and α-tocopherol as vitamin E. Since we previously only found significant 
differences in POP concentrations between the outermost layers and one or more of the inner layers of the 
blubber depth on a lipid weight basis (Pedro et al., 2017a), we quantified vitamin concentrations in two 
sections, “inner” and “outer” of the previous sub-division of the blubber in 10 sub-sections for POP and 
fatty acid analyses. To do so, we pooled the three blubber layers closest to the muscle representing the 
inner layer, and the three layers closest to the skin as the outer layer. Briefly, these sub-samples weighing 
0.2-0.3 g were finely minced while frozen using a scalpel. Saponification of the analytes in the 
homogenized tissues was performed with a concentrated solution of ascorbic acid in ethanol, followed by 
a solution of 50 % potassium hydroxide, which went on a 70 ºC water bath for 30 minutes. Vitamins were 
then extracted with petroleum ether, after which extracts were evaporated to dry. Dried vitamins were 
dissolved in a 0.5 mL solution of methanol for quantification. Throughout the process, exposure of the 
analytes to UV light and oxygen was minimized as these analyses are sensitive to degradation by 
exposure to light and air. Tocopherol was quantified using high performance liquid chromatography 
(HPLC) on a C18 column (5 cm column length with 4.3 mm I.D. and 3 μm film thickness) with 
fluorimetric detection, while retinol was quantified by HPLC on a C18 column (3 cm column length with 
4.3 mm I.D. and 3 μm film thickness) with diode array detection. Blank spikes (retinol and (±)-α-
tocopherol, Sigma Aldrich, MA, USA) and method blanks were run with every batch of eight samples. 
An interlaboratory comparison was performed with two external laboratories to assess the precision of the 
method.  
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Spiked samples showed recoveries of 85 ± 13% for vitamin A and 81 ± 14% for vitamin E. 
Blanks were below the detection limit for both vitamins. Relative percent difference in results from 
interlaboratory comparisons were 86.8 ± 18% and 32.7 ± 6% for vitamin A, and 171 ± 4.9 % and 66.4 ± 
9.8% for vitamin E (Tables A5.1 and A5.2). Variation in vitamin concentrations among labs was larger 
than expected, possibly related to different extraction methods used in each lab.  
 
Contaminant analysis 
We previously quantified POPs, including PCBs and organochlorine pesticides, in these killer 
whales at the Center for Environmental Science and Engineering, University of Connecticut (Pedro et al., 
2017a). The blubber was divided into 10 equal-length sub-sections to test for stratification in contaminant 
deposition with blubber depth. In short, samples were homogenized, spiked with appropriate internal 
standards, and extracted using an accelerated solvent extractor. Extracts were then cleaned using gel 
permeation chromatography followed by silica solid-phase extraction cartridges. Analytes were quantified 
using a gas chromatograph coupled to a tandem mass spectrometer (GC-MS/MS). Quality control 
included reagent blanks, recovery standards, calibration standards, and the NIST-1945 certified reference 
material (organics in whale blubber). Contaminant concentrations were reported as mg kg−1 on a wet 
weight (ww) basis. The individual contaminants quantified were fully detailed in Pedro et al. (2017). 
 
Fatty acid analysis  
Fatty acid signatures (mass percentage of individual fatty acids relative to total) were previously 
quantified in 10 equal-length sub-sections through the entire blubber layer from inner to outer of these 
killer whales at the Center for Environmental Science and Engineering, University of Connecticut 
(Bourque et al., 2018). In brief, lipid extraction was performed according to by the Folch method (Folch 
et al., 1957). Lipid content was determined gravimetrically on these extracts. Next, fatty acids were trans-
esterified to obtain fatty acid methyl esters (FAMEs). The FAMEs were then quantified by gas 
chromatography with flame ionization detection (Budge et al. 2006). The reference material NIST-1945 
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and instrument blanks were run with each batch. Fatty acid nomenclature is denoted as A:BnC, where A 
is the length of the carbon chain, B is the number of double bonds, and C is the position of the first double 
bond, counting from the methyl end of the carbon chain. Here, we considered five major fatty acids that 
have successfully been used to distinguish killer whales that feed on fish from those that feed on marine 
mammals (Bourque et al., 2018; Herman et al., 2005; Krahn et al., 2008). These fatty acids are 16:1n7, 
18:1n9, 20:1n9, 22:1n11, and 22:6n3, and represented 1.0-22.2 % of total fatty acids.  
 
Statistical analysis 
Both vitamin A and E concentrations showed normal distribution (Shapiro-Wilks tests and visual 
inspection) after natural log-transformation. Due to the lipophilicity of vitamins A and E, we used linear 
regression of blubber lipid content with each vitamin to test whether vitamin concentrations should be 
presented on a wet weight basis or on a lipid normalized (i.e., lipid weight) basis. Since lipid was not 
significantly associated with vitamins A or E concentrations (p > 0.50), we reported and ran subsequent 
statistical analyses on wet weight vitamin concentrations. We compared wet weight (ww) vitamin 
concentrations between sex/age classes, and between inner and outer blubber layers with two-way 
analysis of variance (ANOVA).  
To test for the effect of diet on vitamin concentrations, we reduced the dimensionality of the fatty 
acid data using principal component analysis (PCA). We calculated fatty acid (FA) PC scores (FA-PCs)  
for 16:1n7, 18:1n9, 20:1n9, 22:1n11, and 22:6n3 with the package factoMineR (Husson et al., 2018). We 
used the scores from FA-PC1 and FA-PC2 as both components were statistically significant (explaining 
91% of the total variance) in differentiating killer whale diets (Bourque et al., 2018).  
We used multiple linear regression models to determine the effects of POP ww concentrations, 
sex/age class and FA-PC scores, as well as the first-order interactions between POPs and FA-PCs, and 
between POPs and sex/age class, on log-transformed vitamin concentrations. We used sex/age class in the 
models and not length since these two variables are associated (adult females tended to be larger than sub-
adults) and two individuals were missing length measurement (Table 5.1). Our paired t-test showed 
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variation in vitamin E concentrations with blubber depth and therefore we ran models for inner and outer 
layers separately for vitamin E, but also for vitamin A to be consistent. The best fit models were selected 
based on the lowest Akaike Information Criteria for low sample sizes (AICc) using the package 
AICmodavg (Mazerolle, 2017). 
Before addition of the variables to the models, we tested for correlations among major 
contaminant groups, as well as between FA-PC1 and FA-PC2, using a Pearson correlation matrix, and 
tested for the presence of outliers. Except for Σhexachlorocyclohexane, all contaminants were highly 
correlated (R2 ranged 0.41-0.98). Thus, we included ΣPOP as the contaminant variable in our overall 
model. Further, ΣPOP was included in the models on a wet weight basis, instead of the lipid corrected 
values, to keep consistent with the vitamins. On the other hand, there was no correlation between FA-PC1 
and FA-PC2, and both components were included in the models. The individual 48339 was an outlier for 
the relationship between most contaminant groups and vitamin concentrations in inner layers, based on a 
cut-off three for Cook’s distances (Kutner et al., 2005). To verify the influence of this individual, we ran 
the models for inner layers with and without it.  
All statistical analysis were performed in R version 3.5.0 (R Core Team, 2018) and statistical 
significance was considered at p < 0.05. 
 
Results and Discussion 
Blubber concentrations of Vitamins A and E in Greenland killer whales  
Concentrations of vitamin A were 34.1 ± 4.7 μg g-1 ww (mean ± standard error) (Table 5.2), and 
similar to concentrations previously found in the blubber of harbour porpoise (Borrell et al., 1999) and 
common dolphin (Delphinus delphis) (Tornero et al., 2006), but three to seven times higher compared to 
bottlenose dolphin (Tursiops truncatus) (Tornero et al., 2005) and beluga whale, another toothed whale 
species (Desforges et al., 2013). Vitamin A blubber concentrations were also much higher in killer whales 
compared to bowhead whale (Balaena mysticetus), a baleen species (Rosa et al., 2007). Comparing to 
seals, vitamin A concentrations in killer whales were similar to ringed seal in the Baltic Sea and Svalbard 
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(Käkelä et al., 1997), grey seal from Scotland (Vanden Berghe et al., 2013), and harbour seal pups from 
Washington (Mos and Ross, 2002), but up to fifteen times higher compared to ringed seal from the same 
regions in a more recent study, and grey seal and harbour seal pups from other regions (Mos and Ross, 
2002; Nyman et al., 2003).  
Concentrations of vitamin E averaged 35.6 ± 4.4 μg g-1 ww (Table 5.2), and were somewhat 
lower than concentrations found for beluga whale (Desforges et al., 2013), but higher compared to 
bowhead whale (Rosa et al., 2007). Killer whale vitamin E concentrations also varied compared to seals, 
with two to eight times lower concentrations in killer whales than ringed and grey seals (Käkelä et al., 
1997; Nyman et al., 2003). Variation in concentrations of both vitamins A and E among odontocete, 
mysticete, and phocid species may related to differences in taxa-specific physiological needs and dietary 
intake of vitamins (Hernandez-Hernandez et al., 2010; Palace and Werner, 2006), and also blubber fatty 
acid stratification (Koopman, 2007), and, finally, possibly to exposure to contaminants that disrupt 
vitamin homeostasis (Desforges et al., 2013; Mos et al., 2007; Tornero et al., 2006, 2005). 
 
Variation of vitamins A and E with blubber lipid content  
Despite their lipophilic nature, vitamins A and E were not significantly related to lipid content in 
killer whale blubber (F1,26 = 0.8-1.1; p > 0.25). Most previous studies in blubber have evaluated vitamin A 
correlations with lipid, but with inconsistent results. No significant correlations with lipid content were 
found for vitamin A in the blubber of harbour porpoises, bowhead whales or harbour seal pups (Borrell et 
al., 1999; Mos and Ross, 2002; Rosa et al., 2007), while negative correlations were reported in grey seals 
(Nyman et al., 2003). Strong positive and negative relationships were found in bottlenose and common 
dolphin males, respectively, but no relationships were found in females of these species (Tornero et al., 
2006, 2005). For vitamin E, lipid content was positively related to blubber concentrations in male beluga 
whales (Desforges et al., 2013). Ecological and biological events such as fasting during migration, 
seasonal or gender variation in food intake, health, or reproductive status could lead to these different 
results, since lipid mobilization from marine mammal blubber, and consequent redistribution of lipid-
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associated vitamins, may occur (Schweigert et al., 2002; Strandberg et al., 2008; Vanden Berghe et al., 
2013). For example, mobilization of lipids in reproductive females may contribute to the varying results 
found between females and males (Tornero et al., 2006, 2005), which could be the case for at least the 
killer whale adult females.  
The lack of a relationship between both vitamins and lipid content here may to some extent also 
be related to the quantification methods used for lipids. We used lipid content values previously 
quantified during fatty acid extractions in these killer whales (Bourque et al., 2018), as opposed to 
quantifying lipids from the same piece of tissue during vitamin extractions, due to small tissue size. Given 
the different piece of blubber sub-sampled for vitamin analysis, lipid content from fatty acid analysis may 
not have been fully comparable. 
 
Variation of vitamins A and E with blubber depth and sex/age classes 
Mean blubber vitamin A concentrations were not significantly different between inner and outer 
blubber layer overall (F1,26 = 0.50, p = 0.48) or within adult females and sub-adults (p > 0.08). Similarly, 
vitamin A concentrations did not differ between sex/age classes (F1,26  = 3.74; p = 0.08) or comparing 
inner blubber layers (F1,12 = 0.08; p = 0.78). However, vitamin A concentrations in adult female outer 
blubber layer were significantly higher compared to sub-adult outer layer (F1,12 = 12.8, p = 0.004) (Figure 
5.1). Both sex and age can influence vitamin A concentrations in marine mammal blubber. In beluga 
whale, older females showed higher tissue vitamin A concentrations compared to females of reproductive 
age (Desforges et al., 2013). Similarly, higher concentrations of vitamin A in outer layers of adult females 
compared to those of juveniles and sub-adults were observed in bowhead whale (Rosa et al., 2007), and 
overall higher concentrations of vitamin A have been observed in males compared to females (Desforges 
et al., 2013; Rosa et al., 2007; Tornero et al., 2006). After correcting for the confounding effect of sex, 
belugas had higher vitamin A concentrations in inner compared to outer blubber layers, a finding which 
was also shown in harbour seal pups (Desforges et al., 2013; Mos and Ross, 2002).  
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In marine mammals, blubber layers closer to the muscle are more metabolically active, while 
layers closer to the skin are relatively more inert and used more for storage, buoyancy, and 
thermoregulation (Bourque et al., 2018; Budge et al., 2006; Koopman, 2007; Waugh et al., 2014). As 
mentioned in the previous section, lactating females can mobilize lipids and lipophilic vitamins from the 
blubber to produce nutritious milk to feed their offspring (Debier and Larondelle, 2005; Simms and Ross, 
2000b). Thus, while age accumulation of vitamin A occurs as reflected by higher concentrations in outer 
blubber layers of the adult female killer whales, drawdown through lactation to provide essential 
micronutrients to offspring may reduce or eliminate age differences, at least in the more active inner 
layers, as reflected by non-significantly different concentrations in the inner blubber of adult female killer 
whales relative to sub-adults.  
Overall mean concentrations of vitamin E were significantly higher in inner compared to outer 
blubber layers (F1,26 = 29.3, p < 0.001), within and among adult females and sub-adults (p < 0.01). When 
comparing sex/age classes, overall vitamin E concentrations were also higher in adult female compared to 
sub-adults (F1,12 = 14.9, p = 0.002) (Figure 5.1). Similar variation of vitamin E concentrations with 
blubber depth has been reported for male beluga, while bowhead whale showed higher concentrations in 
intermediate compared to inner and outer blubber layers (Desforges et al., 2013; Rosa et al., 2007). 
Variation with blubber depth is likely associated with blubber stratification, as discussed for vitamin A. 
Differences between adult females and sub-adults may be a result of age-related storage in blubber, which 
has previously been found for beluga whales, bowhead whales, and ringed seals (Desforges et al., 2013; 
Käkelä et al., 1997; Rosa et al., 2007).  
 
Variation of blubber vitamin A and E concentrations with fatty acid signatures and persistent organic 
pollutant concentrations 
Vitamin A 
Diet, as indicated by fatty acid composition, did not explain the variation in vitamin A 
concentrations in inner or outer blubber layers (Table 5.3). There were similarly no effects of diet, as 
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measured by liver nitrogen and carbon stable isotope ratios, on concentrations of blubber vitamin A in the 
previous beluga whale study (Desforges et al., 2013). Thus, although vitamin A is of dietary origin and 
stored in blubber tissues, our results are consistent with tissue concentrations of this vitamin being highly 
regulated by binding proteins and metabolizing enzymes to maintain constant availability to target tissues 
(Simms and Ross, 2000a). 
Vitamin A concentrations were also not associated with ΣPOP concentrations in killer whale 
blubber (Table 5.3). Positive correlations between vitamin A and PCBs and/or other OCs have been found 
in the blubber of beluga (Desforges et al., 2013), common dolphin (Tornero et al., 2006), and grey seal 
from Scotland (Vanden Berghe et al., 2013). Contrarily, bottlenose dolphin (Tornero et al., 2005), grey 
seal from the Baltic Sea (Nyman et al., 2003) and harbour seal (Mos et al., 2007) showed negative 
correlations. Besides variation among species, marine mammal gender also seems to influence this 
relationship. For example, blubber PCB concentrations were positively correlated with vitamin A 
concentrations in beluga males and females, but the relationship was stronger for males (Desforges et al., 
2013). Similarly, no relationships were found for female bottlenose dolphins with average blubber 
concentrations of PCBs and DDTs ranging 1-9 mg kg-1 lw, but the up to 80 times more contaminated 
males showed negative correlations between these contaminants and vitamin A concentrations (Tornero et 
al., 2005). The authors suggested that exposed females may be below the threshold for vitamin A 
disruption that occurred for males at high contaminant exposures (Borrell et al., 1999; Desforges et al., 
2013; Rosa et al., 2007; Tornero et al., 2005). This assumption was also supported by reported lack of 
correlations in all sex/age classes of bowhead whales and harbour porpoises with ΣDDT and ΣPCB 
concentrations below 5 mg kg-1 lw (Borrell et al., 1999; Rosa et al., 2007). Male killer whales generally 
have higher POPs concentrations compared to females and sub-adults (Pedro et al., 2017a; Ross et al., 
2000; Ylitalo et al., 2001). Thus, it is possible that, similar to other species, contaminant concentrations in 
adult females and sub-adults here were below thresholds for vitamin A disruption, which might be higher 
in killer whales compared to other marine mammals (Desforges et al., 2017). That is, these killer whales 
were undeniably highly contaminated, with concentrations of DDTs and PCBs averaging 30-81 mg kg-1 
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lw and 49-102 mg kg-1 lw respectively, well above the PCB thresholds of 1.6 mg kg-1 lw suggested for 
vitamin A and E disruption in beluga, and even the DDT 40 mg kg-1 and PCB 50 mg kg-1 lw thresholds 
suggested for bottlenose dolphin.  
 
Vitamin E 
Vitamin E variation in killer whale inner blubber layers was significantly influenced by diet, as 
suggested by the strong relationship to the variable FA-PC1 (F1,9 = 105, p < 0.001), and to a lesser extent 
to FA-PC2 (F1,9 = 5.80, p = 0.04) (Table 5.3). Individuals that had more positive scores on FA-PC1 had 
higher proportions of the long-chain monounsaturated fatty acids, 20:1n9 and 22:1n11, and the long-chain 
polyunsaturated fatty acid 22:6n3, as well as higher concentrations of vitamin E, while individuals with 
lower proportions of these long-chain fatty acids and higher proportions of 16:1n7, showed lower vitamin 
E concentrations (Figure 5.2). We detected a strong influence of one individual on this relationship 
(sample ID 38340; Figure 5.2: vitamin A levels of 1.8 μg g-1 and FA-PC1 of -4.6). When this individual 
was removed from the analysis, the inner blubber vitamin E models were nonetheless still highly 
significant (R2 = 0.55, p = 0.002), although FA-PC2 was no longer included in the model. Thus, our 
results confirm the strong association of vitamin E with dietary polyunsaturated fatty acids, which has 
been suggested to be related to the antioxidant properties of this vitamin (Debier and Larondelle, 2005; 
Nacka et al., 2001; Palace and Werner, 2006).   
In outer blubber, both diet and sex/age class were important explanatory variables, although FA-
PC1 (F1,12 = 19.3, p < 0.001) explained more of the vitamin E variation than sex/age class (F1,12 = 16.7, p 
= 0.002) (Table 5.3). In this layer, however, the effect of FA-PC1 was negative, which appears 
contradictory to the relationship for the inner layers. Yet, an association with different fatty acids in inner 
and outer layers may be a result of both stratification of fatty acids and vitamin E concentrations within 
killer whale blubber. The long-chain dietary fatty acids 20:1n9, 22:1n11 and 22:6n3 were found at highest 
abundance in the inner layers of these killer whales, decreasing considerably toward the skin. The 
opposite pattern was observed for fatty acids that arise from de novo synthesis, 18:1n11 and 16:1n7 
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(Bourque et al., 2018). Thus, vitamin E may be more strongly associated with dietary and polyunsaturated 
fatty acids in inner layers where these fatty acids are more abundant (Debier and Larondelle, 2005; Nacka 
et al., 2001). As the abundance of these fatty acids decreases toward the skin, a relationship with the 
shorter chain fatty acids, which are more abundant in outer blubber, occurs. In fact, the lower 
concentrations of vitamin E in outer layers compared to inner layers could be in part a reflection of the 
stronger association with long-chain fatty acids.   
Variation of vitamin E with fatty acid composition may additionally indicate an effect of dietary 
preferences on vitamin E concentrations, as killer whales that forage mainly on fish (based on higher 
proportions of 22:6n3 and lower proportions of 16:1n7; Herman et al. 2005, Bourque et al. 2018) 
compared to those foraging on marine mammals (lower 22:6n3 and higher 16:1n7) showed higher vitamin 
E concentrations. An influence of diet on vitamin E storage was previously found in beluga (Desforges et 
al., 2013), i.e. more benthic feeding behavior and feeding at higher trophic positions led to higher vitamin 
E blubber concentrations in this species (Desforges et al., 2013). In belugas, however, the effect of diet 
may be associated with the positive effect of PCBs on vitamin E concentrations (higher PCB 
concentrations in benthic-feeding belugas at higher trophic positions) (Desforges et al., 2013). 
In inner blubber layers, vitamin E concentrations were negatively associated with POPs 
concentrations (F1,9 = 5.37, p = 0.04). Yet, a significant interaction between POPs and FA-PC1 (F1,9 = 
9.41, p = 0.01) suggested that this relationship depended on diet (Table 5.3). That is, there was no 
apparent relationship between POPs concentrations and vitamin E levels for killer whales that had diets 
richer in polyunsaturated fatty acids (i.e. diets comprised more of fish), and these individuals also had 
higher vitamin E concentrations (Figure 5.3). However, for killer whales that had a lower abundance of 
blubber dietary polyunsaturated fatty acids (i.e., diets comprised more of marine mammals), vitamin E 
concentrations declined with increasing POPs concentrations (although not statistically significant when 
run as individual correlations, likely related to low sample size) (Figure 5.3). Previous studies reported 
positive correlations between PCBs and vitamin E concentrations in blubber of beluga (Desforges et al., 
2013), ringed and grey seal (Nyman et al., 2003). Since PCBs and OCs can induce oxidative stress, 
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authors of these studies suggested that the increased blubber vitamin E concentrations observed could be 
a defense mechanism against contaminant effects. Despite our small sample size, the interaction of POPs 
with fatty acid signatures in killer whales suggested that when evaluating contaminant effects, the dietary 
uptake of important nutrients, specifically in this case, fatty acids, for marine mammals should also be 
considered. Diets richer in polyunsaturated fatty acids are also richer in vitamin E, a nutrient that plays an 
important role in protecting against POP-related oxidative stress (Debier and Larondelle, 2005; Palace 
and Werner, 2006). 
 
Conclusions 
We did not observe an effect of POPs on vitamin A concentrations in these free-ranging killer 
whales recently sampled near Greenland, despite contaminant burdens in both sub-adults and adult 
females surpassing by orders of magnitude the effects thresholds previously estimated in marine 
mammals for impacts on vitamin A homeostasis (Desforges et al., 2013; Mos et al., 2010). In contrast, 
vitamin E concentrations were associated with POPs, but the effects of these contaminants only seemed 
apparent in killer whales with diets of lower polyunsaturated fatty acid content. Although the small 
sample in this study prevents stronger conclusions, the interaction of POPs with fatty acids suggests that 
killer whales feeding more consistently on marine mammals in Arctic environments over a fish-based diet 
richer in polyunsaturated fatty acids, may be at higher risk of POP-induced disruption in vitamin E 
homeostasis. These results underscore the importance of considering diet and essential nutrients, which 
may play a role in offsetting contaminant effects, when evaluating POPs toxicity.  
Variation of vitamins A and E with blubber depth suggested that biopsy samples should be used 
carefully when measuring concentrations of these vitamins, as blubber biopsies would represent only 30 
to 50 % of the blubber depth of most individuals here (Table 5.1) (Krahn et al., 2004). For vitamin A, this 
sampling method may not detect changes in concentrations occurring in inner layers of reproductive 
females. Further, higher vitamin E concentrations in inner compared to outer blubber layer across sex/age 
classes, indicated that using biopsies to evaluate contaminant-related effects on this vitamin may not be 
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effective, especially in larger killer whales with deeper blubber layer, which are commonly more 
contaminated with biomagnifying contaminants. 
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Tables & Figures  
 
Table 5.1 Sampling, biological and ecological data for killer whales opportunistically sampled from 
harvest in southwest Greenland (Pedro et al., 2017a). 
aStomach contents included marine mammals 
bPregnant females 
Not determined data are indicated as N.D. 
 
 
 
 
 
 
 
 
Sample 
ID 
Sampling Location GPS coordinates Month/Y
ear 
Sex Age class Length 
(cm) 
Blubber 
depth 
(cm) 
48339 Tasiilaq, Greenland 65°37N 37°57W 08/2012 male sub-adult 460 5.0 
38340a Tasiilaq, Greenland 65°37N 37°57W 08/2012 male sub-adult 400 4.0 
48337 Tasiilaq, Greenland 65°37N 37°57W 08/2012 N.D. sub-adult 350 5.0 
48335a, b Tasiilaq, Greenland 65°37N 37°57W 08/2012 female adult 650 5.0 
48336a Tasiilaq, Greenland 65°37N 37°57W 08/2012 female adult 560 5.0 
48338a, b Tasiilaq, Greenland 65°37N 37°57W 08/2012 female adult 550 5.0 
48735a Tasiilaq, Greenland 65°27N 37°46W 08/2013 female sub-adult 353 3.7 
48733a Kulusuq, Greenland 65°26N 36°55W 08/2013 female adult 495 4.4 
48736 Tasiilaq, Greenland 65°27N 37°46W 08/2013 female adult 620 6.5 
35143a Kulusuq, Greenland 65°20N 37°10W 08/2013 female adult 690 4.6 
51601 Tasiilaq, Greenland N.D. 07/2014 male sub-adult N.D. 4.2 
51610 Tasiilaq, Greenland N.D. 07/2014 male sub-adult 600 2.3 
51613 Tasiilaq, Greenland N.D. 07/2014 male sub-adult ~550 3.8 
51607 Tasiilaq, Greenland N.D. 07/2014 N.D. sub-adult N.D. 1.5 
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Table 5.2 Concentrations of vitamins A and E (μg g-1) in the blubber of killer whales sampled in southeast 
Greenland (n = 14; 2012 to 2014), and in the blubber of other marine mammals from previous studies. 
Results are indicated as arithmetic mean (maximum-minimum) on a wet weight basis, or as arithmetic 
mean ± SD.  
*Not specified if vitamin concentrations were presented on a wet weight basis. 
Not determined data are indicated as N.D. 
 
 
 
 Sex/age class n Location Vitamin A Vitamin E  Reference 
Killer 
whale 
Sub-adult 8 Southeast 
Greenland 
27.6 
(15.2-57.1) 
24.3 
(8.5-34.6) 
This study 
Adult female 6 42.8 
(21.3-79.6) 
50.6 
(35.0-64.1) 
Beluga 
whale  
Adult male 55 Western 
Canadian Arctic 
5.4 79.4 Desforges et al. 
(2013) 
Harbour 
porpoise 
Sub-adult 53 West  
Greenland 
51.2 
(5.7-217) 
N.D. Borrell et al. 
(1999) 
Adult female 23 63.9 
(8.9-185) 
N.D. 
Adult male 24 69.8 
(17.9-139) 
N.D. 
Common 
dolphin 
Sub-adult 30 Northwestern 
Spain 
38.9 
(14.2-70.7) 
N.D. Tornero et al. 
(2006) 
Adult female 31 42.2 
(23.5-71.2) 
N.D. 
Adult male 13 50.4 
(22.2-87.5) 
N.D. 
Bottlenose 
dolphin 
Sub-adult 20 Western FL, 
USA 
13.6 N.D. Tornero et al. 
(2005) Adult female 14 11.9 N.D. 
Adult male 12 8.71 N.D. 
Bowhead 
whale 
Sub-adult 7 Northern AK, 
USA 
0.91 11.9 Rosa et al. 
(2007) Adult female 1 0.67 12.0 
Adult male 2 1.96 17.3 
Ringed 
seal  
Male and 
female 
7, 
29 
Baltic Sea 21.6 ± 3.4,  
~ 2 
271.5 ± 53.8, 
~225 
Käkelä et al. 
(1997), Nyman 
et al. (2003)* 12, 
29 
Svalbard 27.1 ± 2.7, 
~2.5 
84.1 ± 9.8, 
~75 
Grey  
seal 
Male and 
female 
30 Baltic Sea ~1.5 ~200 Nyman et al. 
(2003)* 20 Northeast 
Atlantic 
~2 ~50 
Lacting adult 
female 
20 Isle of May, 
Scotland 
61.5 N.D. Vanden Berghe 
et al. (2013)* 
Harbour 
seal 
Pup 20 BC, Canada 4.57 
(3.0-9.0) 
N.D. Mos and Ross 
(2002) 
5 WA, USA 19.7 
(13.0-30.0) 
N.D. 
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Table 5.3 Results from multiple linear models including effects of sex/age class, principal component 
fatty acid scores (FA-PC1 and FA-PC2), Σpersistent organic pollutants (ΣPOP) and interactions of ΣPOP 
with sex/age class and FA-PC scores, on concentrations of vitamins A and E in the blubber of killer 
whales from southeast Greenland (n = 14; 2012 to 2014).  
aModel selection includes top models with a delta Akaike information criteria for small sample sizes 
(∆AICc) of 2.  
bFor FA-PC1 p <0.001, for FA-PC2 p = 0.04, for ΣPOP p = 0.04, and p = 0.01 for ΣPOP×FA-PC1. 
cRemoving the outlier for the relationship of vitamins with contaminants in inner layers (48339) did not 
change the results for vitamin A or the first top model for vitamin E, but the second top model for this 
vitamin additionally included FA-PC2 and ΣPOP.   
 
 
 
 
 
 
 
 
 
 
 
 Top model: (estimate) variable df R2 p-value AICca 
Vitamin A      
Inner blubberc Null model - - - - 
      
Outer blubber Sex/age class 12 0.50 0.004 24.8 
      
Vitamin E      
Inner blubberc (0.34) FA-PC1, (0.18) FA-PC2, (-0.003) ΣPOP, 
(0.002) ΣPOP×FA-PC1 
9 0.91 <0.001b 15.9 
      
 (0.30) FA-PC1 12 0.76 <0.001 17.0 
      
Outer blubber (-0.18) FA-PC1 12 0.60 <0.001 6.6 
      
 Sex/age class 12 0.56 0.002 7.8 
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Figure 5.1 Mean concentrations of vitamins A and E in killer whale inner blubber layers (closer to 
muscle) and outer blubber layers (closer to skin) of adult females and sub-adult killer whales sampled in 
southeast Greenland (n = 14; 2012 to 2014). Significant differences are indicated with an asterisk above 
bars and error bars represent standard error. 
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Figure 5.2 Relationships of log-transformed vitamin E concentrations to a) FA-PC1 (scores from the first 
principal component of a PCA on 5 major fatty acids) in inner blubber layers and to b) FA-PC1 in outer 
blubber layers of killer whales sampled in southeast Greenland (n = 14; 2012 to 2014). Positive scores on 
FA-PC1 indicate higher proportions of the fatty acids 20:1n9, 22:1n11 and 22:6n3, and lower proportions 
of 16:1n7 and 18:1n9, while the reverse pattern occurs for negative scores on FA-PC1. 
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Figure 5.3 Relationship of log transformed vitamin E concentrations with ΣPOP in killer whale inner 
blubber tissues in southeast Greenland from 2012-2014. The regression lines show that relationships 
differed depending on diet, as indicated by (1-open circles) killer whales with positive fatty acid principal 
component (FA-PC1) scores (more fish-based diets) showing no apparent relationship between vitamin E 
concentrations and ΣPOP concentrations, and (2-filled squares) killer whales with negative FA-PC1 
scores (more marine mammal-based diets) showing a possible decline in vitamin E levels with increasing 
ΣPOP concentrations. 
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Appendix 5 
Table A5.1 Vitamin A and E concentrations (μg mL-1) in killer whale blubber in eight extracts from same 
blubber piece of three captive individuals. These samples were analyzed to assess the precision of the 
extraction method at the Wyoming State Veterinary Laboratory. 
 
Sample ID Vitamin E Vitamin A 
SW100743  
  
80.9 45.1 
87.5 50.7 
83.6 45.2 
90.2 48.5 
91.1 51.8 
108 62.4 
50.1 44.0 
93.3 53.6 
SW080429  58.9 24.8 
51.5 25.5 
59.5 24.5 
51.3 21.3 
57.4 23.1 
57.9 23.6 
54.0 20.8 
74.9 34.0 
SW100830  169 82.3 
172 87.1 
204 110.2 
168 80.2 
138 85.3 
99.4 72.5 
107 60.1 
164 97.5 
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Table A5.2 Interlaboratory comparison of vitamins A and E concentrations (μg mL-1) in the blubber of 
three captive killer whales. 
  
Lab 1a Lab 2 Lab 3 
Vitamin E 
SW100743 85.6 7.8 45.4 
SW080429 58.2 5.0 24.9 
SW100830 153 9.0 84.3 
Vitamin A 
SW100743 50.2 16 36.4 
SW080429 24.7 13 16.4 
SW100830 84.4 30 65.1 
aLab 1 - Wyoming State Veterinary Laboratory – results based on the average of eight extracts; Lab 2 – 
results based on one extract; Lab 3 – results based on the average of duplicates 
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Figure A5.1 Sampling locations of killer whale individuals in Southeast Greenland (n = 14; 2012-2014).  
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Implications and future directions 
 
Summary  
Comparing the keystone Arctic prey species, Arctic cod with its “replacements” capelin and sand 
lance, I found higher POPs levels in capelin and sand lance, as well as higher proportions of less volatile 
compounds relative to Arctic cod. None of the biological and ecological variables considered explained 
this variation, suggesting that at least the highly migratory capelin may pick up higher contaminant levels 
during migrations to more temperate regions. Yet, the variation in contaminant levels between sub-Arctic 
fish and Arctic cod was only up to 2-fold, and lower compared to other native fish. Additionally, levels of 
essential fatty acids, selenium and Se:Hg ratios were similar or higher in capelin and sand lance compared 
to native prey species, indicating capelin and sand lance may represent prey of similar quality. Using 
stable isotope and fatty acid markers, I found that the foraging niches of capelin and sand lance did not 
overlap with that of Arctic cod and other native prey. This variation in foraging niches is related to the 
pelagic feeding habits, more generalist feeding behavior, and no sea ice association in capelin and sand 
lance compared to Arctic native prey species. These results suggested higher capacity to adapt to a 
changing Arctic in sub-Arctic species compared to Arctic cod. In killer whales moving to Greenland 
waters, I found increased levels of POPs compared to killer whale populations with a fish-based diet in 
North Atlantic waters, likely due to feeding on marine mammals in this new environment. These high 
contaminant levels did not seem to affect blubber levels of vitamins A, used as of biomarkers of POPs 
exposures. In contrast, POPs affected vitamin E levels, but this relationship was dependent on diet. 
Vitamin E levels in killer whales feeding to a larger extent on marine mammals seemed to decline with 
increasing POP concentrations, while there was no relationship in killer whales feeding on fish.  
 
Climate change winners and losers 
Overall, this research provides empirical evidence that climate-driven ecological changes 
influence contaminant levels and pathways within Arctic ecosystems. Yet, some species are more greatly 
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affected by changes in contaminant exposure and associated health effects than others, i.e. some species 
may be climate change winners while others may be losers. Changes at lower trophic levels, illustrated 
here by the case of capelin and sand lance, may not cause substantial changes in the exposure of Arctic 
predators since small marine fish tend to have low levels of POPs and mercury (Atwell et al., 1998; 
Hoekstra et al., 2003; McKinney et al., 2012). In contrast, ecological changes are more likely to affect 
contaminant levels in top consumers like killer whales, and potentially the viability of the populations. 
Climate change is predicted to have the strongest effects on top consumers as these species are the most 
vulnerable to temperature change and to other anthropogenic stressors (Zarnetske et al., 2012). Therefore, 
top consumers are at higher risk of extinction, which in turn can cause cascading effects on the food web 
(Zarnetske et al., 2012). 
Despite the declining or stabilizing trends of PCBs and OCs in Arctic biota in the last 20 to 30 
years (Rigét et al., 2018), this research shows that ecological shifts can lead to high contaminant 
concentrations in killer whale populations. A reduced metabolic ability to eliminate POPs in toothed 
whales compared to other top predators such as polar bears, may additionally contribute to these high 
contaminant levels in killer whales (Desforges et al., 2017; Sonne et al., 2018). A recent modeling study, 
including killer whales from Greenland, has shown that PCBs exposures alone can lead to the collapse of 
killer whale populations across the globe in the next 100 years, especially those with a marine-mammal 
based diet (Desforges et al., 2018). Yet, killer whales are not only exposed to the PCBs and OCs 
measured here, but also to other environmental contaminants including dioxins and furans, PBDEs, 
polycyclic aromatic hydrocarbons (PAHs), polychlorinated naphthalenes, organotin compounds and 
mercury (Desforges et al., 2017; Endo et al., 2006; Formigaro et al., 2014; Haraguchi et al., 2009; 
Kajiwara et al., 2006; Nomiyama et al., 2010; Rayne et al., 2004). More research on toxic effects of 
environmental contaminants, including contaminant mixtures, different health endpoints, and considering 
antagonistic interactions with nutrients, in wild ranging marine mammals is critical to gather empirical 
evidence of the detrimental effects of contaminants in top consumers from our oceans. Understanding the 
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vulnerability of marine mammal populations will contribute to reinforce global regulation and 
remediation of harmful environmental contaminants.  
 
Ecological advantage of Arctic incoming species 
The presence and abundance of sub-Arctic and temperate species in Arctic ecosystems has 
increased in the past two to three decades and is predicted to intensify with further climate change, 
leading to the borealization of Arctic marine communities (Fossheim et al., 2015; Pecl et al., 2017). 
Incoming species generally have larger thermal tolerance, higher dispersal capacity and higher ability to 
exploit new resources, as this research confirms for capelin and sand lance (Fossheim et al., 2015). On the 
other hand, Arctic species that depend on sea ice for foraging, shelter and reproduction, such as Arctic 
cod, may be retracting further north or redistributing to deeper waters, which could lead to local 
extinctions (Fossheim et al., 2015; Kohlbach et al., 2017).  
Killer whales moving to the Arctic also show this more generalist feeding behavior characteristic 
of Arctic incoming species. Compared to other North Atlantic populations that specialize on fish, these 
killer whales have the ability to switch foraging strategies to feed on marine mammals (Bourque et al., 
2018; Vongraven and Bisther, 2013). Killer whale populations across the globe are characterized by 
distinct foraging specializations, which has enabled this versatile predator to exploit a diversity of marine 
environments and prey types (Ford et al., 2010, 1998). This capacity to switch prey may have led these 
killer whales into Arctic waters through following marine mammal prey, as Arctic ecosystems change and 
become more sub-Arctic.  
 
Implications to Arctic predators 
Although POPs levels in capelin and sand lance compared to Arctic cod were not largely 
different, the variation among these species indicates that at least capelin may be transporting higher 
levels of POPs from lower, more temperate regions, into Arctic food webs. These results add to previous 
findings showing that migratory species can accumulate contaminants in different regions as they feed 
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along their migratory paths and transport these contaminants into Arctic ecosystems. This has been 
previously observed for harp seals (Pagophilus groenlandicus) (Kleivane et al., 2000), seabirds (Blais et 
al., 2005; Evenset et al., 2004) and anadromous fish such as Pacific salmon (Oncorhynchus spp.) 
(Babaluk et al., 2000) in the Arctic.  
Other implication of changing prey fish communities for Arctic predators is the need to adapt 
their foraging strategies to new or alternative prey when the availability of the dominant prey decreases 
(Pen et al., 2008). In seabirds, this has led to low reproductive success, through either reduced rate of 
delivery or the delivery of smaller or less nutritious prey (Divoky et al., 2015; Gaston and Elliott, 2014). 
Although capelin and sand lance represented prey of similar quality to Arctic cod on a concentration 
basis, these sub-Arctic prey fish are smaller than Arctic cod, which could imply increase foraging effort to 
catch the equivalent amount of nutrients. In the Beaufort Sea and Hudson Bay, seabird species have 
turned to benthic fish when the availability of schooling fish was comparatively scarce, leading to low-
energy delivery rates to nestlings and consequent decreased nestling growth (Divoky et al., 2015; Gaston 
and Elliott, 2014). Shifts towards alternative prey such as sculpin could result in increased contaminant 
levels, as the levels of POPs and mercury found in sculpin in this research were the highest among all 
prey fish and near toxicity thresholds. 
 
Implications for Indigenous communities  
Ecological shifts in a changing Arctic are likely to raise challenges for ecosystem services, human 
well-being, and governance in the Arctic (Pecl et al., 2017). A major concern includes food security for 
Indigenous communities. Traditional foods are valuable resources for the communities, not only 
financially, but also culturally and socially (Dallaire et al., 2013; Gagné et al., 2012). These foods, largely 
consistent of fish, meat and organs of seals and other marine mammals, provide major sources of nutrients 
including long-chain omega-3 fatty acids and selenium. However, country foods are also major sources of 
POPs and mercury, especially traditional dishes consistent of whale blubber, such as muktuk (Gagné et 
al., 2012; Laird et al., 2013). Changes in marine fish and mammal diversity and abundance in Arctic 
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ecosystems can therefore affect food quality for Indigenous people. For example, hunters in Greenland 
have started harvesting killer whales for food as they become more abundant in the region, which might 
have health consequences for these communities given the high POP burdens in killer whale blubber 
reported here.  
 
Future directions 
Future research should focus on estimating changes in the distribution and abundance of marine 
species in the Arctic under climate change, including a broader representation of the food web. Modeling 
exercises could help predict food web restructure and bottom-up and top-down effects, adding the 
potential effect of changes in contaminant exposure and nutrient content. Which environmental factors, 
e.g. temperature, light availability, primary production, are more likely to drive food web changes? How 
will changes in abundance and food quality of primary production affect top consumers? And what kind 
of pressures may top consumers, such as new Arctic predators, exert on lower trophic levels? How will 
changes in food webs affect Indigenous communities, both in terms of food quality and food availability? 
Given the deeply interconnected environmental, wildlife and fish, and human health in the Arctic, 
integrating effects on public health in modeling approaches is critical. A more wholesome perspective on 
food web change is needed to improve the ability to anticipate and respond to a changing Arctic, through 
informed decision-making processes in harvest management and risk assessment of regional biodiversity. 
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